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Why are half of all the coil springs 


in American cars made of 


‘S'S Carilloy steel 


THE REASON IS SIMPLE. While or- 
dinary hot rolied bars require exten- 
sive grinding tu remove harmful 
seams, pits, and decarburization, 
Carilloy Precision Rolled Coil Spring 


UNITED STATES STEEL CORPORATION, PITTSBURGH 
TENNESSEE COAL & IRON DIVISION, FAIRFIELD, ALA. - 


Carilloy® 


Rounds require very little grinding; 
in fact, they are often used as furn- 
ished with no grinding at all. That’s 
because they are rolled on a special 
mill to half of standard tolerances 
and with very little decarburization. 
As a result, it costs less to make high 
quality coil springs from Carilloy 
Precision Rolled Rounds. 

These cost-saving spring rounds 
are an exclusive development of the 
United States Steel Corporation. We 


UBITED STATES STEEL EXPORT COMPANY, SEW YORK 


STATES’ 


are continually searching out ways to 
make steel better, discovering better 
ways to fabricate steel, and finding 
new and better uses for steel. 

By contacting our nearest sales of- 
fice and consulting frequently with 
U-S'S Service Metallurgists you can 
keep in touch with our latest dis- 
coveries. Then, as we find ways to 
simplify, speed up, or lower the cost 
of your production, these men can 
pass the information along to you. 


* COLUMBIA-GENEVA STEEL DIVISION, SAN FRANCISCO 
UNITED STATES STEEL SUPPLY DIVISION, WAREHOUSE DISTRIBUTORS 


Steels 


3-2260 
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MILL PRODUCTS 
The most complete line 


Welding and Soldering — 


Built-up parts are no bargain; riveting and welding 

; demand too many costly man-hours. 

! That’s why production costs drop when you use aluminum 

extruded shapes. They take the handcuffs off your designer 

; and allow him to distribute the metal where it’s needed. 

! Parts that would be prohibitively expensive to produce by 

assembly become practical. And while extrusion is not a 
precision process, tolerances are so close that only surface 

‘ 


finishing is ordinarily required. Lengths run to 80 feet, 
maximum weights up to 600 pounds per piece. 

Alcoa operates the world’s largest light metal extrusion 
facilities with 50 presses in five plants. With the experience 
of 50 years to draw on, Alcoa can show you how to take 
advantage of a broad line of standard extruded shapes or 
help you design for your own specialized requirements. Call 
your local Alcoa sales office or write: ALUMINUM COMPANY 
or AMERICA, 878-B Alcoa Building, Pittsburgh 19, Penna. 


YOUR ALCOA DISTRIBUTOR HAS ALCOA 


STANDARD WAREHOUSE ITEMS IN STOCK ALCOA CO. Eg. 
ALCOA ON TV brings the world to ALU AAIN LU AA 


your armchair with “SEE IT NOW” 
featuring Edward R. Murrow, 
Tuesday evenings on most CBS-TV stations. ALUMINUM COMPANY OF AMERICA 


t 


ate weight 10% 


. insure unvarying quality 


To inspect pressure and bulk storage ves- 
sels J. B. Beaird Co. uses two OX-250 
x-ray units. These versatile units can be 
mounted on stationary jib cranes, mobile 
jib cranes, truck-type, or semi-automatic 


production type housings. 


100% x-ray inspection results in higher quality 
products with substantial savings 


When the J. B. Beaird Co., Inc., of Shreveport, La., 
introduced 100% x-ray inspection, they reduced 
the plate thickness of their pressure and bulk stor- 
age vessels by 10%. This is permissible because 
ASME and API-ASME codes state that a 10% 
higher weld efficiency factor can be used when 
welds are 100% x-ray inspected. 

The resulting savings in steel alone amount to 
several tons per tank, with a consequent reduction 
in shipping costs. In addition, Beaird now uses 
less i time and materials. 

Allowing for films, chemicals, operator's time 
and equipment amortization and upkeep — the use 
of two OX-250 x-ray units permits substantial sav- 


ings on each vessel produced. More important, 
Beaird customers are assured unvarying high quality. 
No matter what your non-destructive testing 
needs, there's a General Electric x-ray unit to match 
your requirements. Your G-E x-ray representative 
can base his recommendation on 25 models, rang- 
ing from 140,000 to 15,000,000 volts. Call him 
today, or write X-Ray Department, General Elec- 
tric Company, Milwaukee 1, Wis., Rm. AY 24. 


Like all G-E x-ray apparatus — OX-250 can be 
yours — without initial capital investment — on 
the Maxiservice® rental plan. 


You can put your confidence in — 


GENERAL @@ ELECTRIC 
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Need Vacuum-Melted Metals 
in 1000-pound 
Quantities ? 


= 


Stokes is building practical 

vacuum furnaces to supply that 

need . . . designing for 2000-pound 

jobs . . . planning for 5000-pound 

units . . . for melting and casting 

gas-free metals of extreme purity, high 

ductility and great strength. These furnaces 


vacuum for melting 


ond casting gas-free metals. are J also for sintering, ling and deg ing. 


Such metols hove extreme 

purity, high ductility, 

You can have Stokes vacuum furnaces for top or bottom pouring, for 

resistance and exceptional single or multiple ingots, for centrifugal castings. We build tilting type 

induction-heated melting furnaces of 10 to 1000 pounds capacity; mov- 
able retort resistance-heated furnaces for degassing and annealing in 10, 
20 and 30-inch retort sizes; resistance-heated furnaces with removable 
heat source or with bell-type retort; two-zone furnaces with movable 


boat, and others. 


We supply complete, integrated “package” units engineered completely 
and specifically to meet the particular need for vacuum pumping 
capacity, heating input and any mechanical actuation required to con- 
trol operations in the vacuum chamber. 


Most important . . . we bring to every vacuum furnace problem the value 
of 40 years’ practical experience in building vacuum equipment and 
guiding its installation and adjustment to efficient operation in the field. 


F. J. Sroxes Macnuine Company, PHILADELPHIA 20, Pa. 


STOKES MAKES: High Vacuum Equipment, Vacuum Pumps and Sages / Industrial Tabletting, Powder Metal and Plastics Molding Presses / Pharmaceutical Equipment 
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I. Perlmutter (p. 113) received his 
B.S. in metallurgy from Massachu- 
setts Institute of Technology. From 
1936 to 1941 he was a metallurgist 


with the Carnegie-Illinois Steel 


Corp., South Chicago. He was with 
the U.S. Bureau of Mines for a short 
time and then joined the materials 
laboratory, directorate of research, 
Wright Air Development Center 
where he is presently located. 


M. E. NICHOLSON 


1, PERLMUTTER 


M. E. Nicholson (p. 185) was born in 
Indianapolis and graduated from 
Massachusetts Institute of Technol- 
ogy. Dr. Nicholson is presently as- 
sistant professor at the Institute for 
the Study of Metals, University of 
Chicago. While undertaking his 
graduate studies, he was called for 
duty to the Springfield Armory, 
Mass., where he was a metallurgist 
and administrative officer. For ap- 
proximately three years Dr. Nichol- 
son was with the engineering re- 
search dept. of the Standard Oil Co. 
(Ind.). Since 1950 he has been with 
the University of Chicago. He holds 
membership in AIME, Chicago Sec- 
tion and is also active in the Scouts 
as an adult leader. 


M. C. Udy (p. 207) is a graduate of 
Lehigh and Ohio State Universities 
(B.S., M.S., Ph.D.). He joined Bat- 
telle as a research fellow in 1939, 
was promoted to research engineer 
in 1941, and is now an assistant div. 
chief. In addition to being an AIME 
Member, he is a member of AFS, 
ACS, AIChE, and ASM. Dr. Udy is 
active in church affairs and also 
tries his hand at cooking. In the 
way of sports, he enjoys bowling 
and swimming. He has also pre- 
sented various papers before AIME. 


Karl M. Weigert (p. 233) is a native 
of Stettin, Germany, where he grad- 


K. M. WEIGERT 


Meet The Authors 


uated from the University of Goet- 
tingen in 1933, (Ph.D.). From 1934 
to 1937 he was located in Istanbul, 
Turkey testing ores for the Cyprus 
copper mine. For two years he was 
on the staff of the chemistry dept. of 
the Johns Hopkins University. From 
1939 to 1942 he was engaged in work- 
ing on various heavy chemicals. Dr. 
Weigert was in the U.S. Army for 
19 months stationed near the Persian 
Gulf. Since 1946 he has been with 
Goldsmith Bros. Smelting & Refin- 
ing Co., Chicago. As his hobbies he 
enjoys special photographic work, 
sound recording, and hiking. He is 


Prepared to serve you 
with maximum efficiency 
ANYWHERE - ot ANYTIME! 


CONSULT US ON YOUR 
NEXT BLASTING PROBLEM 


Serving the Steel Industry for Over 30 Yorn 


also a member of the Chicago AIME 
Local Section. 


Francis W. Boulger (p. 207) is a div. 
chief at Battelle Memorial Institute. 
Born in Minneapolis he holds de- 
grees from the University of Min- 
nesota and Ohio State University. 
From 1934 to 1936 he was an edi- 
torial assistant with the Associated 
Press, He joined Republic Steel 
Corp. for one year where he was an 
open hearth observer. Mr. Boulger 
has been with Battelle since 1938. 
His varied hobbies include golf, 
poker, and gardening. 


‘CHICAGO CONCRETE 
BREAKING (0. 


_ EDWARD GRAY, President 
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— Personnel Service 


HE following employment items are made 
available to AIME members on a non- 
profit basis by the Engineering Societies Per- 
sonnel Serv: e, Inc., operating in cooperation 
with the Four Founder Societies. Local offices 


of the Personnel Service are at 8 W. 40th St, 


New York 18; |00 Farnsworth Ave, Detroit; 
)7 Post St., Sen Francisco; 84 E. Randolph St., 
Chicago 1. Applicants should address all mail 
to the proper key numbers in care of the 
New York office and include 6c in stamps 
for forwarding ond returning application The 


applicant agrees, if placed in a position by 
means of the Service, to pay the placement 
fee listed by the Service. AIME members may 
secure a weekly bulletin of positions avail- 
able for $3.50 a quarter, $12 a year 


MEN AVAILABLE 


Mining Engineer, 29, family. Sales 
and service experience top steel 
company. Desire opportunity, not 
necessarily as engineer, in metals 


business, equipment sales, service, 
advertising, export in or primarily 
around New York. Consider any- 
thing with potential. Business and 


personal references. M-120. 


POSITIONS OPEN 


Metallurgist, young, graduate, 
preferably with some experience in 
nonmetallic flotation. Duties to in- 
clude direction of control labora- 
tory, test work and operating metal- 
lurgy. Salary open. Location, South. 
Y9523. 


Metallurgists. (a) Metallurgists, 
recent graduates, for research lab- 
oratory, for work involving routine 
analysis and research assistance un- 
til men develop sufficiently to han- 
dle product development work. Lo- 
cation, Ohio. (b) Metallurgists, re- 
cent graduates, for plant metallurgy 
departments. Will be placed in a 
training program that would suffici- 
ently inform them of products, proc- 


PROFESSIONAL SERVICES 


Limited to AIME members, or to companies that have at least one AIME member 
on their staffs. Rates $40 per year per inch. 


SCIENTISTS 
CONSULTANTS 
METALLURGISTS 


Small Jobs Welcomed 


SAM TOUR & CO,, INC. 


Laboratories and offices 
44 Trinity Place, New York 6, N. Y. 


Testing—Certifying 
American Standards 
Testing Bureau, Inc. 


HANS NEUBERT 
PRECISE PROMPT 
TECHNICAL TRANSLATIONS FROM GER- 
MAN, SPANISH, FRENCH INTO ENGLISH 
FIRST TWO TYPEWRITTEN PAGES $3.00 
EACH INTRODUCTORY PRICE. REGULAR 
PRICE THEREAFTER 3 CENTS PER WORD. 
31 Hilltop Ave. Clark-Rohweoy, N. J. 


MAX STERN 
Consulting Engineer 
Expert for Scrap Recovery and Ship- 
wrecking — Modernization of Plants 
and Yards for Ferrous and Nonferrous 
Metal Scrap 
149 Broadway New York 6, N. Y. 


R 
SUPERVISION 


SURFACE TREATMENTS 


All replies confidential. 


METALLURGIST 


RCH 
ADMINISTRATION 


REQUIREMENTS—Metoallurgy or Physical Chemis- 
try or Chemical Engineering at 
doctorate level with experience 
preferred. 


Management positions in leading ferrous industry. 
Duties entail planning, coordinating, and develop- 
ing profitable research programs in: 


REDUCTION & REFINING PHYSICAL METALLURGY 
RAW MATERIALS 


Excellent opportunities in conjunction with expan- 
sion of research staff and facilities. 
Located in Midwest. State in detail personal history, — [+ 
education, experience, and occupational interests. 


B-5, AIME, 29 W. 39th St., New York 18, N. Y. 


Salary open. 


esses and metallurgical problems so 
that they can handle metallurgical 
control work in these operating 
divisions. Location, Pennsylvania 
and Maryland. Y9518. 


Metallurgical Engineer with a 
minimum of a B.S. degree for work 
involving the study and develop- 
ment of the various processes for 
the agglomeration of iron ore with 
an emphasis at the present time on 
sintering ore for blast furnace use. 
Opportunity to study for advanced 
degree. Salary open. Location. Penn- 
sylvania. Y9513. 


Assistant Metallurgists, B.S. de- 
grees in metallurgical engineering 
required for work involving quality 
control problems connected with 
stainless steel operations. Excellent 
opportunity for young men to estab- 
lish in large and progressive organ- 
ization. Location, Maryland. Y9483. 


Professor in physical metallurgy, 
experienced in research direction 
and graduate instruction. Ph.D. or 
equivalent, to head educational op- 
tion in physical metallurgy and 
direct thesis and contract research. 
Excellent opportunity for expansion 
in an outstanding center in the mid- 
dle Atlantic region. Y9482. 


Process Engineer for nonferrous 
mill. Metallurgical engineer pre- 
ferred, but not essential. Must have 
had at least three years industrial 
experience. Age, 25 to 40. Knowl- 
edge of inspection techniques and 
statistical methods of research re- 
quired. Salary open. Location, Penn- 
sylvania. Y9459. 


NONFERROUS METALLURGIST 


Opportunities for professional 
growth and advancement in- 
volving alloy research and de- 
velopment studies. Situations 
independent of government 
rojects. Only incidental travel 


rom New Jersey location. 
Give full details, including 
salary desired. 

Box B-3 AIME 

29 W. 39th St. 


New York 18, N. Y. 


EXECUTIVE TRAINEES. Degree in met- 
allurgical or chemical engineering, non- 
ferrous experience Well established 
firm in Philadelphia suburb. Salary 
about $6000, annual increases. Com- 
plete benefits. 


B-4, AIME 
29 W. 39th St., New York 18, N. Y. 


WANTED: Back vol- 
umes of Periodicals 


A.S.M. Transactions To 
Buy for Cash. 


Ashley, 24 E. 21 St., New York 
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Structure and Properties of Solid 
Surfaces, edited by Robert Gomer 
and Cyril Stanley Smith. The Uni- 
versity of Chicago Press. $8.50, 491 
pp., 1953.—Material for this book was 
drawn from a conference organized 
by the Committee on Solids of the 
National Research Council. Contents 
may be divided into four main 
groups: Thermodynamics and theo- 
ries of surface forces; the structure of 
a surface and means of determining 
it; growth processes of and on sur- 
faces; and processes on surfaces 
which leave them relatively un- 
altered. Discussion follows each 
paper and forms an integral part of 
book. Some of the papers cut across 
current opinion and efforts have 
been made to include differing view- 
points. 


Stress Concentration Design Factors, 
by R. E. Peterson. John Wiley & 
Sons, Inc. $8.50, 155 pp., 1953.—It is 
the purpose of this book to place in 
the designer’s hands information 
which will enable him to improve 
his design calculations, to the end 
that failure will be less prevalent and 
better balanced designs achieved. 
The book is primarily a working tool 
and is not intended to be a textbook 
in the usual sense. Enough back- 
ground and references are presented 
to enable the reader to explore fur- 
ther if he so chooses. 


Welding Engineering, by Boniface E. 
Rossi. McGraw Hill Book Co. $8.00, 
786 pp., 1954.—The book furnishes 
student or beginner with funda- 
mental facts about welding, in addi- 
tion to giving those already in the 
field a wider understanding, and pro- 
viding a useful reference source to 
draftsman, engineer, designer, and 
researcher. Section one covers vari- 
ous welding processes. Section two 
deals with metals, their metallurgy, 
and weldability. Section three dis- 
cusses pertinent design and fabrica- 
tion considerations such as welded 
design and its field of application. 
Section four treats the testing and 
inspection of welds. 


The Atomisation of Liquid Fuels, by 
E. Giffen and A. Muraszew. John 
Wiley & Sons, Inc. $6.00, 246 pp., 
1953.—This book, based on a survey 
of published information, is an at- 
tempt to picture the whole process 
by which an initially continuous 
liquid jet is broken up into a great 
number of small droplets—a process 
widely used with liquid fuels for in- 
ternal combustion engines and fur- 
naces. It deals with the process of 
disintegration; characteristics of fuel 
sprays and the effect on these of the 
atomizer, the liquid, the gaseous 
medium and injection pressure; the 
theory of the swirl atomizer; and 
experimental study methods. 


Books for Engineers 


Engineering Law, fourth edition, by 
R. E. Laidlaw and C. R. Young. Uni- 
versity of Toronto Press. $5.25, 394 
pp., 1951.—Using a minimum of tech- 
nical legal language, the book offers 
a simple presentation of those phases 
of Canadian law that relate to engi- 
neering. It covers contracts and speci- 
fications, arbitration, expert evi- 
dence, compensation, patents and in- 
ventions, and a wide range of engi- 
neering activities. Extracts from re- 
ports of typical cases have been added 
for illustration to the new edition. 
Nuclear Physics, by W. Heisenberg. 
Philosophical Library. $4.75, 224 pp., 
1953.—This book is for those with no 
training in physics but with famil- 
iarity with physical ideas. Opening 
with a historical introduction, chap- 
ters of the book deal with structures 
of molecules and atoms, radioactivity, 
atomic nuclei, nuclear forces and re- 
actions, and instruments and pro- 
cedures of the nuclear physicist. A 
final chapter deals with applications. 
Principles of Transistor Circuits, 
edited by Richard F. Shea. John 
Wiley & Sons, Inc. $11.00, 535 pp., 
1953—Claimed to be the first com- 
prehensive treatment of the subject, 
the book is divided into three parts; 
low frequency, high frequency, and 
large signal non-linear applications. 
Each part includes the presentation 
and analysis of equivalent circuits, 
analysis of the mathematical rela- 
tionship, and development of the ap- 
plicable circuits. Basic semi-conduc- 
tor principles are discussed. The 
treatment throughout enables the 
engineer with vacuum tube experi- 
ence to utilize the material. 


BLAST FURNACE 
Copper CASTINGS 


iow Furnece Tuyeres 
turers 


Lcomed 
of ali Leading Designs 


Bosh Ploter 


ORDER YOUR BOOKS THROUGH 
AIME—Address Irene K. Sharp, Book 
Department. Ten per cent discount 
given whenever possible. Order Gov- 
ernment publications direct from the 
agency concerned. 


SMEETH-Harwoop COMPANY 


6524 Vincennes Ave., Chicago 20, lil. 
In Conada—The Williom Kennedy & Sons, itd., Owen Sound, 


Symposium on Tin. American So- 
ciety for Testing Materials. $2.50, 111 
pp., 1953.—This symposium presents 
organized information on various as- 
pects of tin as a preliminary to the 
establishment of standards and speci- 
fications relating to tin. Information 
presented includes: Production and 
resources; tin coatings; use of tin in 
the container industry and in auto- 
mobile bodies; the effect of impur- 
ities in tin and their determinations; 
and the analysis of tin in general. 


Alternating Current Measurements, 
third edition, by David Owen. John 
Wiley & Sons, Inc. $2.00, 120 pp., 
1953.—A brief account is presented 
of the measurement of resistance, in- 
ductance, and capacitance by use of 
alternating current, mainly at low 
frequencies, but including a chapter 
on radio-frequencies. Special atten- 
tion is paid to the alternating cur- 
rent potentiometer and its applica- 
tions. 


Cambridge Elementary Statistical 
Tables, by D. V. Lindley and J. C. P. 
Miller. Cambridge University Press. 
$1.00, 35 pp., 1953.—The book con- 
tains a set of 10 tables of the com- 
moner statistical functions and tests 
of significance for users of statistical 
methods in scientific research, tech- 
nology, and _ industry. 
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Packed in Bags and Shipped on Pallets 


Each bag holds 25 lb. of contained vana- 
dium, so additions can be made without 
weighing. Bags prevent contamination and 
are shipped on pallets for easy and eco- 
nomical handling. 


.- FOR ADDITIONS OF VANADIUM 


You can handle additions of vanadium conveniently and vanadium, depending on the analysis. Pallets can be 


economically with ELectromet ferrovanadium packed conveniently unloaded and handled in your plant by 
in bags. lift truck or overhead crane. Handling costs are re- 
Check these advantages: duced and inventory-taking is simplified. And you 


don’t have to return the pallets. 
@ Convenient Packaging—The alloy is packed in strong 


five-ply, paper bags. These bags have a wide blue band © HighQuatley Material f gat Ever yN eed—ELECTRO- 
across the middle, as well as blue edges and bottom, for ferrovanadiam uniform closely 
positive identification. The bags prevent contamination graded, correctly sized, and physically clean. It is fur- 


and preclude any chance of mix up with other alloys. nished in these grades: 


@ No Weighing —Each bag (25 lb. of contained vana- Vanadium ‘a max. 
dium) can be added without weighing. ; 50 to 55% or 
Bing High-Speed Grade 70 to 75% 1.50% 0.20% 
@ Handling Costs Reduced—Pallet shipments are avail- Special Grade = > hey as 2% 0.50% 
able at no extra charge. Each pallet holds about 4,000 Open-Hearth Grade 50 to 55% 8% 3% 
lb. of ferrovanadium—2,200 or 3,000 lb. of contained Foundry Grade 50 to 55% approx. 10% 3% 


Immediate Delivery— Vanadium is readily available Engineering Service—Our staff of experienced metal- 


and can frequently be used in engineering steels to re- lurgical engineers is always ready to furnish technical 
place part, if not all, of certain scarcer alloys. assistance in the use of vanadium. Phone, wire, or write 
The term “Electromet” is a registered trade-mark one of ELECTROMET’s offices for additional information. 


of Union Carbide and Carbon Corporation. 


A Division of Union Carbide and Carbon Corporation ectromet 2 
90 East 42nd Street [Eg New York 17. N. Y. 
OFFICES: Birmingham e« Chicago « Cleveland « Detroit 


Houston « Los Angeles « New York « Pittsburgh « San Francisco 
Jeane MARK 


In Canada: Electre Metallurgical Company, Division of ll a 
Union Carbide Canada Limited, Welland, Ontario et erro-A QOyYS and Met 
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New Products 


Vo cw Products 


New Literature 


New Services 


For Further Information or Literature on any Product, Fill in the Coupon and Send to JOURNAL OF METALS 
Students are Requested to Apply Directly to Manufacturers for Bulletins and Information 


1—DUSTPROOF MOTOR: Elliott 
Co. has announced a taconite dust- 
proof motor. It is of particular use 


in ore refining plants using taconite 
beneficiation process where crush- 
ing, mixing, and drying operations 
produce an atmosphere burdened 
with fine magnetic dust. 


2—THERMOCOUPLE WELL: A 
thermocouple protecting tube has 
been announced by Bristol Co. It 
combines the thermal conductivity 
and shock resistance of metal with 
the oxidation and deformation re- 
sistance of ceramics. Available in 
lengths of 12, 18, and 24 in., it has 
a wall thickness of % in. 


3—MICRO BALANCE: A single 
pan constant sensitivity micro bal- 
lance has been designed and is 
available from Fisher Scientific Co. 
It embodies the features in the 200-g 
Gram-atic and 100-g Semi-Micro 
Gram-atic balances: High accuracy 
(+0.002 mg) and high speed (5-min 
weighings are cut to 35 sec). 


4—GRINDING WHEELS: Carbo- 
flex depressed center grinding 
wheels for rough grinding, cut off 
and slotting operations for ferrous 
and nonferrous metals and nonme- 
tallics are available. The wheels 
come in sizes of 7 and 9% in. diam; 
%, 3/16, and % in. thick and contain 
a % in. arbor. Carborundum Co. 


5—BRINELL TESTING: A _ semi- 
automatic Brinell testing machine 


has been announced by the Detroit 
Testing Machine Co. It automatically 
indexes test pieces through both 
spot grinding and Brinell testing 
stations. It has a 30 in. work open- 
ing and is hydraulically operated. 


6—SPEED CONTROL: A new style 
variable speed control for lathes 
and other machines, powered by 
fractional and 1 hp de motors, has 
been introduced by Electro Products 
Laboratories. 


7—SPECTROSHELL MOLDS: New 
spectroshell molds offer a new fa- 
cility for the production of sample 
pins for better emission spectro- 
graphic analysis. Single unit spec- 
troshell molds measure 2x4x3% in. 
overall and afford capacity for four 
pins each %x2% in. Baird Associ- 
ates. 


8—HOSE: Greater lightness, flexi- 
bility, and retractability are incor- 
porated in this new CWS Flexaust 
hose introduced by the Flexaust Co. 
It is made of Neoprene impregnated 
cotton drill in which spiral wire re- 
inforcement is imbedded, Standard 
sizes range from 1% to 8 in. ID. 
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9—ENAMEL COATING: A porce- 
lain enamel coating with a full 
matte, acid resisting finish is avail- 
able from Bettinger Corp. 


10—SOLVENT CEMENT: Used for 
bonding a wide variety of light- 
weight materials to wood, metal, 
glass, rubber, and many plastics, 
this general purpose rubber and 
resin solvent cement is available 
from the Flintkote Co. It adheres to 
light fabrics, felts, and insulation 
materials and may be applied by 
brush. 


11—HP MOTORS: A new line of in- 
tegral horsepower motors has been 
announced by the electric motor div., 
A. O. Smith Corp. Production is in 1 
and 1% and 2 hp ratings. This line 
will supplement the present which 
extends from % to 150 hp. 


12—GRINDER AND MILLER: The 
Newage International, Inc, hand air 
turbine grinder and miller comes in 


three sizes to perform grinding, 
milling, and polishing operations at 
speeds to 85,000, 70,000, and 55,000 
rpm. The tools are designed for 
operation on air pressure from 60 to 
100 psi. 


13—SCINTILLOMETER: This Scin- 
tillometer is used for making pro- 
duction checks in radioactive ore 
processing and for field and labora- 
tory radioactive ore assaying. It 
weighs 7 lb with batteries. Maxi- 
mum detection sensitivity and radia- 
tion determination is obtained by 
the use of a 10 stage photomultiplier 
tube type 5819 optically coupled to a 
garnma sensitive crystal. Radiac Co. 
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Free Literature 


20—CARBIDE TOOLS: A wide va- 
riety of carbide tipped single point 
cutting tools is described in brochure 
published by the DoAll Co. Standard 
unground carbide tips as well as car- 
bide tips for threading tools, reamers, 
scrapers, etc., are also shown. 


21—TESTING MACHINES: Illustra- 
tions and complete specifications of 
more than six different types of 
Brinell hardness testers are included 
in catalog issued by Steel City Test- 
ing Machines, Inc. 


22—GLASS BLOCKS: Information 
on physical performance, technical 
data on light transmission, insulation 
values, and other pertinent data are 
given. Pittsburgh Corning Corp. 


23—PURCHASING GUIDE: Booklet 
issued by Continental Copper & Steel 
Industries, Inc., lists the products 
made by all divisions. Included are 
wire cloth, wire and cable, tool steels, 
and welded pipe, among others. 


24—CORROSION DATA: Folder 
TDC 160 contains information on 
comparative corrosion resistance of 
stainless steels to corrosive media. It 
presents data on six widely used 
Stainless tubing steels and several 
hundred corrosive media at various 
temperatures and _ concentrations. 
Babcock & Wilcox Co. 


25—CARBONITRIDING PRAC- 
TICE: Bulletin available from 
Armour & Co. is a survey of indus- 
trial carbonitriding practice. Table 
of contents includes: Nature of car- 
bonitriding process; typical carbon- 
itrided structures; sources and nature 


of data; parts carbonitrided and 
steels used; furnaces; quenching and 
cleaning, tempering and finishing, 
and several other important factors. 


26—STRAIN GAGE: Features and 
specifications of hand type, dial 
micrometer instrument for 2 and 
10-in. gage lengths are given in bro- 
echure issued by Baldwin-Lima- 
Hamilton Corp. 


27—CAST HIGH ALLOYS: Reprint 
of a technical article that discussed 
the cast corrosion resistant alloys 
most generally used for process 
equipment in the chemical industries 
is obtainable from Copper Alloy 
Foundry Co. 


28—PRECISION INSTRUMENTS: A 
complete presentation of the pre- 
cision instruments manufactured by 
the Chicago Dial Indicator Co. is 
available. Geneva dial indicators, 
bench center set, dial snap gages, 
and depth gages are just a few of 
the instruments manufactured. 


29—FURNACE CONTROLS: The 
latest edition of furnace and oven 
controls is available from Minnea- 
polis-Honeywell Regulator Co. Speci- 
fications and prices on temperature 
controllers, program controllers, 
valves and accessories, and combus- 
tion safeguard equipment are listed. 


30—CALROD: The 1954 edition of 
the General Electric Co. catalog on 
Calrod electric heaters and heating 
devices has been announced by the 
company. The 60-page catalog de- 
scribes the units in terms of appli- 
cation, special features, installation, 
and pricing. It also contains meth- 


ods for determining power require- 
ments and heat losses for many ap- 
plications. 
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31—BLAST CLEANING: The pur- 
pose of this booklet is to supply non- 
technical information to those inter- 
ested in the possibilities of blast 
cleaning. The three basic advantages 
of the process are discussed and an 
analysis of where it can be used and 
how the abrasive is forcibly pro- 
pelled. Pangborn Corp. 


32—VOLUME PUMPS: Bulletin on 
air powered controlled volume 
pumps shows how these pumps are 
used to solve low capacity flow con- 
trol problems. A graphic presenta- 
tion of pump operating principles 
and capacity-pressure and air con- 
sumption tables is included. Milton 
Roy Co. 


33—HYDRAULIC PRESSES: Bro- 
chure on representative hydraulic 
presses and equipment manufactured 
by R. D. Wood Co. is available. Basic 
hydraulic press specifications in addi- 
tion to representative high pressure 
hydraulic valves, hydraulic accu- 
mulators, and hydraulic shock alle- 
viators are given. 


34—RESEARCH INSTRUMENTS: 
North American Philips Co., Inc., 
has issued a reference book on re- 
search and control instruments, 
X-ray and analytical equipment. 
X-ray diffraction, spectrometry, and 
spectrography, tubes, rectifiers, and 
cameras are covered in the book. 
Some space is also devoted to acces- 
sory equipment. 


35—MN STEEL: General catalog de- 
scribing complete line of castings 
made of “the toughest steel known,” 
has been released by American 
Manganese Steel Div. A complete 
discussion of the impact and abra- 
sion resistant characteristics of 
Amsco 13 pct manganese steel under 
each product category is also con- 
tained. 


36—PLATING ANODES: Informa- 
tion on copper, lead, zinc, tin, tin- 
lead, cadmium, cadmium oxide, and 
brass plating anodes is contained in 
catalog published by federated met- 
als div., American Smelting & Re- 
fining Co. Sizes, shapes, and compo- 
sitions are included. 


37—PUNCHES AND DIES: Money 
saving tips on punches and dies are 
contained in booklet prepared by 
F. J. Stokes Machine Co. Do’s and 
don’ts that should be followed in 
keeping tools in condition are listed. 


38—PLASTIC SHEETS: Applications 
of clear cast thermoset Cocor sheets 
are described in catalog issued by 
Cast Optics Corp. Properties such as 
high abrasion and heat resistance 
are featured. Technical properties 
are included. 


39—ROLLING MILLS: The com- 
plete line of iow cost precision built 
laboratory and production rolling 
mills is illustrated in bulletin avail- 
able from Stanat Mfg. Co. 
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For the story of FERROCARBO in quality steelmaking, 
mail the coupon today—or phone or write the 
FERROCARBO distributor nearest you. You'll learn why steel 
deoxidized with FERROCARBO is “plus steel.” 


KERCHNER, MARSHALL & CO. | THE CARBORUNDUM ComPANy, Dept. JM 84-31 
7 Niagara Falls, New York 
PITTSBURGH « Cleveland « Buffalo 


Philadelphia + Birmingham + Los Angeles Gentlemen: 


I would like to have the FERROCARBO story—no obligation on my part. 


MILLER & COMPANY | 
CHICAGO « St. Louis « Cincinnati ee 


WILLIAMS & WILSON COMPANY 


TORONTO + Montreal + Windsor STREET AND NUMBER CITY ZONE STATE 


FERROCARBO 


TRADE MARK 


“Carborundum” and ‘‘Ferrocarbo” are trademarks which 
ore registered in the U.S. by The Carborundum Company, y 


Niagora Falls, New York, and in Canada by Canadian 
Carborundum Company, Ltd., Niagara Falls, Ontario. 
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© Despite softening markets in the 
latter months of 1953, domestic pro- 
duction of ferroalloys for the year 
was more than 2.3 million net tons, 
compared with about 2 million tons 
for the previous year, according to 
William C. Keeley, president of 
Vanadium Corp. of America. Mr. 
Keeley stated that his firm substan- 
tially increased its sales over the 
previous 1952 record of $38,875,247. 


e A $238,500 fund for grants to col- 
leges and universities to further the 
teaching of science has been estab- 
lished by the Du Pont Co. The com- 
pany has made the grant to advance- 
ment of teaching the largest in its 
aid-to-education program. It has 
authorized a total of more than 
$700,000 for the entire program for 
the 1954-55 academic year. 


e A new aluminum fabricating plant 
is under construction at Alicante, 
Spain, according to Aluminium Ltd. 
of Canada, Constructing the plant is 
Aluminio Iberico, formed by Alumi- 
nium Ltd. and a Spanish group about 
two years ago. The plant is being 
designed to fabricate between 18 
and 20,000 tons of aluminum prod- 
ucts per year from ingot to be sup- 
plied by smelting subsidiaries of 
Aluminium Ltd. 
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table with companion storage cabinets represents the latest m 


ment of this type of equipment. 


. . Industrial Notes. . 


e U. S. Air Force selected Bridge- 
port Brass Co. to operate its $50 mil- 
lion Adrian, Mich. aluminum extru- 
sion plant. Bohn Aluminum & Brass 
Corp., present plant operator, termi- 
nates its contract with the Air Force, 
May 1, 1954. 


e Harrisburg Steel Corp. has ac- 
quired all physical assets of Taylor- 
Wharton Iron & Steel Co. Purchase 
was made through a Harrisburg 
Steel subsidiary. Taylor-Wharton 
was established in 1742 and has 
plants at High Bridge, N. J.; Easton, 
Pa.; Cincinnati; and Birmingham, 
Ala. These operations will continue 
without change in location, person- 
nel, or management, 


e Three firms have joined to expand 
activities of the Borolite Corp., re- 
cently formed to pursue study and 
development of various metal bo- 
rides for high temperature military 
and civilian applications. The three 
firms are: Firth Sterling, Inc., Pitts- 
burgh; American Electro Metal 
Corp., Yonkers, N. Y.; and the Car- 
borundum Co., Niagara Falls, N. Y. 
Joint statement by the three com- 
panies said that the Borolite Corp. 
was formed to concentrate funds 
and facilities for faster and broader 
development. In initial stages the 


participating companies will manu- 
facture borolite products to be mar- 
keted by the Borolite Corp., Niagara 
Falls, N. Y. 


e With recent Government decision 
to release atomic energy to private 
industry, small atom smashers with 
their stainless steel parts and acces- 
sories are already at work in some 
industrial laboratories. Chromium- 
nickel stainless is used in the atom 
smashing equipment because of non- 
magnetic properties and strength. 
Strength of steel is needed to hold 
coils in place against electrically in- 
duced forces developed while ener- 
gizing atomic particles. A nonmag- 
netic steel is also necessary to avoid 
short circuiting or dissipating the 
magnetic field. Walls of the raceway 
through which atomic particles speed 
are also made of stainless steel. 


e Elgiloy, the cobalt-base spring al- 
loy developed by Elgin National 
Watch Co., has been placed back on 
the commercial market. The alloy 
was removed from the market in 
1950 because of Government cobalt 
and nickel restrictions. According to 
Elgin, Elgiloy consists of cobalt, 40 
pet; chromium, 20 pct; and nickel, 15 
pet, and is noted for high hardness, 
toughness, tensile strength, corro- 
sion, set, and fatigue resistance. 


BUEHLER. POLISHING DESK 


...with matching storage cabinet... 


7. maximum efficiency in the production of 
specimens in the metallurgical laboratory the Buehler cabinet type polishing 


rn develop- 


he convenience of this streamlined polishing equipment saves time and encourages 
the operator to produce the highest quality of polished sample. : 
Item No. 1511 is a two-unit polishing table with Formica top approximately 60” long 


plumbing and wiring. 


Recommended accessories to complete an efficient set up for maximum convenience 


x 27” deep by 30” high to table top. Two 12” swing spouts, drain, 8” diameter wash bowl, . | 


Formica edge that eliminates all metal rims that may soa poeets for water and 

dirt. Covers are held in place on the back by magnetic holders. The large 8” wash bowl 

is a new feature that enables the operator to use both hands in washing specimens. 
All metal construction finished in hammer tone grey makes a very attractive 

appearance. Prompt delivery can be made on these new items. 

Cut-Off Machines 


Mount 
Buehler Ltd. METALLURGICAL 
2120 Greenwood Avenue, Evanston, tilinois 


are: No. 1512 storage cabinet with recessed light and No. 1513 ye meng panel for 
installation above polishing desk. Or, No. 1514 floor model storage cabinet. Both these 
cabinets can be used together to advantage in most laboratories 
The Formica top and back on the table and cabinet is installed with a smooth : 
| 


NO. 1511 
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Our NEW RarneMeT Compounn— 


Years of experience with rare earth materials, 
constant research and application of our product 
assure you of the best results. 


Our new RareMeT Compound is evidence of 
our progress. Now the new RareMeT Com- 
pound is twice as heavy, requires less handling 
and provides more uniform results. 


Hot workability in many types of steels is 
being improved with small additions of this 
already established product. For example, in 
stainless steel, excellent results in both hot 


CORPORATION OF AMERICA 
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Offices: Pittsburgh, 
Soles Representatives Fink, 
Subsidiory: Cleveland 
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Now 


workability and increased yield have been ob- 
tained, as published in MCA’s current literature 
and the trade magazines. 


As recognized authorities in the application 
of Molybdenum, Tungsten, Boron, Cerium and 
its derivatives both as alloys and chemicals, 
MCA assures confidential and immediate re- 
sponse to inquiries. 


Write today for free Progress Report 
Number 1, “Rare Earths in Melting.” 


Pittsbargh 19, Pa. 


Chicago, Detroit, Los Angeles, New York, San Francisco 
Bowen, Brumiey-Donaidson Co., Los Angeles, Son Francisco 
Plants; Washington, Pa., York, Pa. 
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HE research div. of National Research Corp. 

believes that it has a “sound and commercially 
feasible” method for the melting, handling, and 
casting of titanium. According to the corporation 
the process is simple and employs few procedures 
not generally practiced in foundries manufacturing 
stainless steel and alloy castings. 

Five steps are involved in preparation of the pat- 
tern and the mold flask. As usual, the pattern is 
made to size based on shrinkage factors of the metal 
and mold. The mold is made by mixing powdered 
refractory with a liquid binder and pouring result- 
ing slurry over the pattern. The slurry forms one 
half the mold by solidifying on the pattern. The 
other half of the mold is prepared similarly. A 
strong cohesive mold is produced by a low temper- 
ature bakeout followed by high temperature firing. 
During the foregoing steps the mold is given special 
treatment enabling it to withstand the action of 
molten titanium. Finally, the mold is assembled 
with the necessary gates, risers, and pour blocks and 
held together by clamps or jigs. 

In premelting operations, the mold is placed, at 
room temperature, into the furnace and titanium 
sponge or scrap is loaded into the crucible. After 
sealing from the atmosphere, the furnace is evacu- 
ated to a low pressure, 1 to 10 microns, or 0.001 to 
0.01 mm Hg. Argon is introduced into the furnace to 
provide suitable pressure for melting and casting 
phase. At the start of melting and casting, power is 
applied to the electrode, starting the arc. Melting of 
titanium in the crucible begins. 

Power is cut off when enough metal is melted, and 
the electrode removed from the path of the molten 
stream. The melt is poured into the mold gate below 


Titanium castings shown are about 40 pct of actual size. 
The large casting is a cover plate produced on purchase order 
for the U. S. Army Ordnance Corps of Watertown Arsenal, 
using the National Research method. 
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and in line with the crucible pouring lip. The mold 
is cooled in the furnace under argon or vacuum for 
half hour to an hour, giving the titanium in mold 
and crucible time to cool below the temperature at 
which it reacts with the atmosphere. 

The small furnace in operation at National Re- 
search can produce’ 4 or 5-lb castings. Melting 
capacity limits production of larger castings. It is 
believed by National Research that good castings 
up to 100 lb can be produced by the process in a 
larger furnace. Finish is equivalent to that of good 
sand castings, according to National Research, and 
castings have a high degree of soundness. 

The combination vacuum and inert atmosphere 
are furnace is the essential equipment not ordinarily 
found in the foundry. The furnace consists of a 
skull melting type crucible in a chamber evacuated 
by vacuum pumps. Titanium is contained in a 
graphite crucible backed by refractory ramming 
mix, all in a stainless steel shell. Carbon pickup 
from the graphite shell is minimized and can be con- 
tained below 0.15 to 0.20 pct in the finished cast 
shape by limiting melting to a center pool. National 
Research is prepared to grant non-exclusive licenses 
on this process to qualified foundries. 


HE Special Subcommittee on Minerals, Mate- 

rials and Fuels Economics of the Committee on 
Interior and Insular Affairs has just issued the first 
part of its report after hearings in Washington, 
D. C.; Seattle; and Henderson, Nev. Other hearings 
are scheduled for Los Angeles, Salt Lake City, and 
again in Washington. It has heard testimony from 
engineers, producers, and Government officials. 
While some of the hearings were held in executive 
session because of security requirements, the com- 
mittee states in its initial report that testimony re- 
vealed a “shocking” shortage of certain strategic 
materials. This shortage of strategic critical mate- 
rials is to be investigated in separate hearings. 

The report states that: “We have become de- 
pendent upon foreign nations across one or both 
major oceans for many of the materials without 
which we cannot fight a war or support our econ- 
omic structure.” 

It is also stated that the stockpile program, sched- 
uled for completion by 1951, was extended to 1953. 
It is now doubtful that the program can be com- 
pleted by 1958, the report said. Contracts for 
strategic materials, it was disclosed in secret ses- 
sions, show that terms were more favorable to 
foreign producers than to “domestic American pro- 
ducers.”” The report of the subcommittee finds that 
the terms of these contracts are contrary to stock- 
pile law and national security. During hearings, 
several military strategists stated disbelief in the 
possibility of keeping long sea lanes open during 
time of war. 

The committee recorded complaints that have 
reached them relative to domestic production to be: 
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Trade agreements made by the State Dept. under 
the 1934 Trade Agreements Act; Taxes, direct and 
indirect; Regulations governing venture capital by 
the Securities and Exchange Commission; Favor- 
itism toward purchase of foreign materials over 
domestic sources under the Stockpile Act; and cur- 
rency manipulation and participation for trade ad- 
vantage by foreign governments both in the U. S. 
and abroad. 


ENNECOTT Copper Co. is entering the alumi- 

num field via a minority investment in an al- 
ready established major producer—Kaiser Alumi- 
num & Chemical Corp. Kaiser ranks third on the 
U. S. aluminum scale. Kennecott confirmed Kaiser’s 
announcement that it is buying $16.25 million worth 
of a new series of convertible preferred stock “for 
investment.” The shares will carry a 5% pct divi- 
dend and be convertible into common stock for 20 
years at $30 per share. If all the shares are con- 
verted, Kennecott will acquire about 451,666 shares 
of common. 

Kennecott is also buying 100,000 outstanding 
shares of common from a group of Kaiser Aluminum 
founders. Sellers are Henry J. Kaiser Co., General 
Construction Co., J. F. Shea Co., and Pacific Bridge 
Co. The founder companies are selling in propor- 
tion to ownership in Kaiser Aluminum. There are 
more than 3.7 million shares outstanding. 

About a year ago Anaconda Copper Mining Co. 
entered the aluminum business with the start of 
construction of a primary aluminum producing 
plant in Montana. 


ALCONBRIDGE Nickel is expanding facilities at 
its Norway plant to provide 45 million lb of 
nickel per year, but its eventual goal for overall 
operations is 60 million lb by 1960. One report has 
it that the additional plant to furnish the 15 million 
lb may be located in the Sudbury district of Canada. 
The company has a new pyrrhotite treatment proc- 
ess which is said to show promise of fitting into 
future plans. The Northern Miner reports that 
foundations for the plant are being poured and de- 
liveries of structural steel are scheduled to start. 
Plans are to divert 200 tons per day of pyrrhotite 
from the Sudbury smelter to the new plant. 

The plant is being built on the slag dump of the 
smelter. While recovery of nickel is the prime fac- 
tor, there are indications that a salable iron ore will 
be produced as a byproduct. According to the 
Northern Miner some completely new principles are 
being used in the new process which also lends itself 
to treatment of other complex base metal ores. Tests 
are reported to indicate that metal recoveries are 
greater than those from selective flotation on some 
difficult ores and with moderate cost. It is concluded 
that plant investment would be no greater than for 


“Trends 


an electrolytic refinery of equal capacity. While 
neither Falconbridge nor International Nickel, who 
also has a pyrrhotite method, have disclosed process 
details, it is believed there are significant differences. 


ERRO Bolivar, Orinoco Mining Co.’s Venezuelan 

iron ore venture, shipped its first ore to the U.S. 
last month. The shipment is the culmination of a 
great development effort on the part of the U. S. 
Steel Corp. subsidiary, which started when F. H. 
Kihlstedt, Orinoco mining engineer first climbed 
the slopes of Cerro Bolivar—then called La Parida. 
JOURNAL OF METALS carried the first story ever 
printed on the discovery in the February 1950 issue. 
Kihlstedt saw lavish ore exposures as high as 200 ft. 
Average grade of the ore by dry analysis is about 
63.50 pet iron. Natural iron content is calculated to 
be approximately 58 pct. The ore is practically free 
of overburden, according to W. W. Wanamaker, 
chief engineer of Orinoco. 

The ore will be shipped from Puerto Ordaz. 
Orinoco performed a monumental dredging opera- 
tion to make the port usable. Only one crusher is 
being installed at the port for the present. Dumping 
cycle and apron feeder are adjusted to provide a 
capacity of 3000 tons per hr, although all compon- 
ents are designed to handle as much as 6000 tons 
per hr. It is anticipated that some 2 million tons 
will be shipped during 1954, but by the end of the 
year output is expected to reach a 5 million ton 
annual rate. The ore handling system is geared to 
handle 67 ore cars per hr, with initial stockpile 
capacity 700,000 tons. A tunnel conveyor provides 
economical reclaiming from stockpile to dockside 
traveling shiploaders. 


This is the land locked submarine at the National Reactor 
Testing Station, Idaho, containing the Mark | nuclear power 
plant, prototype of the one in the U.S.S. Nautilus, launched 
last month. 
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O doubt to the casual observer the life of an In- 

stitute President is “just a bowl of cherries,” but 
we have accumulated a few facts on the duties that 
indicate that this is not necessarily so. Beginning 
with September 10 and following through the month 
of October, we find that President Andrew Fletcher 
had a pretty rough schedule: 


Sept. 10. Arrived at Sydney, Nova Scotia and traveled 
by automobile to Keltic Lodge at Ingonish Beach for 
the Industrial Minerals Div. Fall Meeting. Spoke at 
the dinner. 


Sept. 11. Attended meeting activities. 


Sept. 12. Traveled from Ingonish Beach to Anti- 
gonish, Nova Scotia, receiving an honorary degree 
of Doctor of Laws and delivering the Convocation 
address. 


Sept. 13. Left Halifax, Nova Scotia to return to New 
York. 


Sept. 18. Attended a meeting of the Oregon Section 
at Portland. Eighty men and wives attended and 
President Fletcher spoke to the group. 


Sept. 19. Met with Seattke AIME Members with an 
attendance of 50 people. 


Sept. 21-24. Attended American Mining Congress 
meeting at Seattle and presided over an AIME Board 
meeting. 


Sept. 25. Attended a meeting of AIME Members at 
the Consolidated Mining & Smelting Co. plant at 
Trail, B. C. 


Sept. 26. Attended a joint meeting of the Canadian 
Institute of Mining and Metallurgy and members of 
the Spokane Subsection at Trail, B. C. 


Sept. 27. Visited Metalline Falls, Idaho and toured 
Pend O’Reille Lead & Zine Co. 


Sept. 28. Addressed the Northwest Mining Assn. at 
Spokane at a luncheon meeting. Attended an eve- 
ning meeting of the Spokane Subsection with an 
attendance of 125. 


Sept. 29. Visited major operations in the Coeur 
d’Alene district and met with AIME Members in 
Kellogg, Idaho. 


Oct. 1. Stopped at the Anaconda smelter at Anaconda, 
Mont., where a special AIME luncheon was held for 
the President. A dinner meeting of the Montana 
Section was held in Butte at the Finlen Hotel. 


Oct. 13. Visited Phelps Dodge operations at Morenci, 
Ariz., and attended an evening meeting with the 
Morenci Subsection. 


Oct. 14. Inspiration and Miami companies held a 
special dinner honoring the President at Globe, Ariz. 
Seventy-six AIME members attended from Ray, 
Inspiration, Miami, Superior, and Globe. 


Oct. 15. Special meeting of the Ajo Subsection—62 
attended. 


Oct. 16. Phelps Dodge Corp. held a luncheon for the 
President in Ajo. 
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Oct. 20. Toured in Tucson and visited the new opera- 
tions at San Manuel. 


Oct. 21. Met with students of the University of Ari- 
zona at a gathering sponsored by Arizona Section 
Woman’s Auxiliary, where Mr. and Mrs. Andrew 
Fletcher were guests of honor. 


Oct. 22. Visited Phelps Dodge smelter at Douglas, 
Ariz. 


Oct. 23. Dinner dance at Bisbee, Ariz. under the aus- 
pices of the Bisbee and Douglas Subsections. 


Oct. 24. Attended a luncheon at Silver City, N. Mex. 
given by Kennecott Copper Co. and attended an 
evening meeting with the Southwestern New Mexico 
Section at Silver City. 


Oct. 26. Visited International Minerals & Chemical 
Co. and U. S. Potash plants at Carlsbad, N. Mex., and 
attended a special meeting and dinner given by the 
Carlsbad Section. 


Oct. 27. Arrived at El Paso and attended the Fall 
Meeting of the Mining, Geology, and Geophysics Div. 
and International Mining Days. 


We probably shouldn’t print this—it’s apt to scare 
off the upcoming Presidents, and future ones to be 
chosen—but it does give a little better idea of the 
work load that comes with the AIME Presidency. 
Rewards are the kind that go with doing a terrific 
job well—knowing that in the year of office one has 
performed a duty for which the membership is 
grateful. It takes the kind of men who have led the 
Institute in the past and who are already set to lead 
it in the future. Leo Reinartz will be President in 
1954. His past and present lend themselves well to 
the task at hand. This issue of JOURNAL OF METALS 
contains a brief sketch of Mr. Reinartz as the editors 
see him. (C. M. C.) 


EMBERS planning to come to the Annual Meet- 

ing in New York by air will find that the air- 
lines bus terminal at Park Ave. and 42d St. has been 
replaced by a new terminal at Ist Ave. and 37th to 
38th Sts., about 15 minutes’ walk from the former 
location. To get from LaGuardia or Idlewild air-+ 
ports to midtown Manhattan requires a bus ride to 
the terminal and a taxi ride from there to one’s 
hotel. Passengers deplaning at Newark Airport are 
more fortunate in that the airport bus, on its way to 
the lst Ave. terminal, will stop at 8th Ave. and 42d 
St. and at Grand Central. 

Passengers with only light baggage, alighting at 
LaGuardia for midtown Manhattan, may find it 
quicker and certainly cheaper to take the city bus 
from the front of the Administration Building to its 
terminal at 74th St. and Roosevelt Ave. There they 
may walk upstairs to an elevated train which brings 
them to Grand Central or Times Square; or they 
may walk downstairs to the subway and take an 
“F” train which stops at Lexington Ave. and Fifth 
Ave. on 53d St., and at 50th, 42d, and 34th St. on 
6th Ave. (Avenue of the Americas). The city bus 
fare is 13¢, the elevated or subway fare 15¢, a total 
of 28¢ compared with the airport bus fare of $1.25 
plus a taxi fare of 50 to 75¢. (E.H.R.) 
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This 
rubber ‘tire’ 


talks to you 


Bell Laboratories engineers have de- 
veloped a new and highly economical 
way to record sound magnetically. 


Instead of tape or wire they use a 
mixture of rubber and iron oxides which 
is formed into a band and mounted on 
a wheel. This simple and very rugged 
“talking rubber” can play back mes- 
sages Clearly millions of times. 

Talking rubber is already at work for 
the Bell System announcing weather 
and answering customers who call vacant 
or disconnected numbers. It promises 


BELL TELEPHONE LABORATORIES 


to have many other uses. In a new 
machine, it answers your telephone in 
your own voice when you are away— 
and takes a message for you in the voice 
of your caller. 


Many businesses, too, other than tele- 
phone, are expected to find a variety of 
ways to use talking rubber—especially 
whenever a message must be given 
quickly to many people. 

Talking rubber proves again the down- 


right practicality of Bell Laboratories’ 
research to improve telephone service. 


One of a bank of recorder-reproducers 
operated by the New York Teiephone 
Company for the New York Stock Ex- 
change. They give instant stock quota- 
tions to brokers who dial a code number. 
Recording ard pickup heads are shown 
above wheel. 


Improving telephone service for America provides coreers 
for creative men in scientific and technical fields. 
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Manufacturers of equipment de- 
signed to protect product purity and 
assure sanitation find it pays to use 
chromium-nickel stainless steel for 
corrosion resistance and other money- 
saving properties. 


For instance, the makers of Maisch 
metering pumps . .. widely used for 
. precise dispensing in biological and 
industrial fields ... specify Type 303 
Stainless. They fabricate pump heads 
and inlet and outlet fittings from 
Type 303 to provide properties that 
help users maintain product purity, 
sterility and sanitation, as well as 
permanent accuracy under very di- 
verse service conditions. 


Type 303 is the free-machining 
grade of the austenitic chromium- 
nickel stainless steels 
which are immune to 
most organic and a great 


Inco 


THE INTERNATIONAL NICKEL COMPANY, INC. 
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An example of Corrosion Resistance 
maintenance of accuracy... 


provided by Type 303 Stainless 


many inorganic chemicals. 


This improved machinability,com- 
bined with resistance to galling and 
seizing, make Type 303 stainless par- 
ticularly useful for gears, heads, fit- 
tings and other machined products. 


You can also trim bulk and dead- 
weight by using correct types of 
chromium-nickel stainless. They are 
strong yet tough, and also resistant 
to wear and abrasion. At elevated 
temperatures they resist creep, scal- 
ing and oxidation, while at low tem- 
peratures they offer exceptional re- 
sistance to impact. 


Investigate all the economies you 
can obtain by wsing stainless steel for 
your products or equipment. Send us 
your inquiries on the use of cast or 
wrought stainless allcy steels con- 
taining nickel, and details of your 
problems for our suggestions. 


Product Purity and sterility are easy to 
maintain in this metering pump, because 
head and inlet and outlet fittings are con- 
structed of Type 303 chromium-nickel 
stainless steel. Maisch Metering Pumps 
are built by Mechanical Products Corp., 
Chicago 7, Ill. 


‘ 


Chromium - Nickel Stainless Steel Type 


303 ... and precision construction ... 
contribute to the permanent accuracy of 
this biological metering pump. Maisch 
pumps are adjustable, and permit dis- 
pensing from 0 to 9,000 cubic centi- 
meters per minute. 


Sanitation in dispensing hot or cold, vis- 
cous or non-viscous liquids is advanced 
by use of Type 303 stainless. Maisch in- 
dustrial pumps are available, single or 
duplex, with fixed capacities from 10 to 
290 gph. 


67 WALL STREET 
NEW YORK 5, N.Y. 
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A _300-ton per day oxygen unit is supplying oxygen to International 
Nickel Inc. ‘s new flash _ smelting for copper 
concentrates a pper ° e ash sme ng process uses 
7-5 million cu ft of o en r day and eliminates the necd for 
otier fuels used for copper smelting. Built by Canadian Liquid 
Air Co., Ltd., the unit separates oxygen from air by liquefaction. 

eer 3 F, Mansure, general services administrator, announced that 
+3 million has been assigned to expansion or the Government-owned 
nickel plant at Nicaro, Cuba. The fund includes $1 million for 
research. ppropriation of the money came after Office of 
Defense Mobilization certified that Nicaro expansion is 
essential to national defense. he plant is now producing 
2 28,000 lb of nickel per year. The new 


program | Ce lis for a 75 pet cavacity ex also en- 
visages the use of mineral resources oF “eastern Cuba. 


—- industry established a new production record in 195 
than 

million tons higher than the previous 

poet of estimated 


produced in and 0, 

record year, 1951. U. S. output re resented LL 
i production of about 2 

U. S. ingot capacity was estimated to be © O,+10 net tons 

on the first day of 195%, 5.8 pet more than the 117,547,470 tons 


at the outset of 1953. 


was en estimated 4 
when only 2,252,000 tons were produced. 

t acity is about million to S ’ compared with 

3; B32, 7 ‘in 1 


Development of an oe ion source at Oak Ridge National Laboratory, 
tbroush us tron--a mass spectrograph-=has made 
possible separa ee of usable quantities of isotopes of ruthenium 
palladium, iridiun, and platinum, Operated by Union Carbide « 
Carbon Corp, for the AnC, the laboratory developed ion source 
operates at temperatures from about 3900° to SO70°R, 


Temperatures 
are obtained by _hectron bombardment of the graphite oven con- 
taining one of the elements in the form of metal. 


ha roduction in the 


1ced ineral 
timated value oi 


1 million, the sreatest in history and 7 pct higher 


than in 1952. fe) production le he metal minin 

industry with a total of 117 million long tons shipped eg 
record. Production of all ferroalloy metals mined in the U. 5S. 
except cobalt, was substantially higher than in 1952. ae? 


Gomestic mine production of zinc was the smallest since 1938, 


The new made its first 
shipment of concentrates, 200 tons, to Fort Saskatchewan, The 


concentrate will be stockpiled in preparation for start of 
operations of the new processing plant. 


— 
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Temperature of moving tube coming 
from a continuous reheating furnace is 
measured by Radiamatic pyrometer. 


Honeywell 


BROWN ItNSTRUMENTS 
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Radiamatic pyrometers 


for your “hard to get” temperatures 


Pout Couttol 


Wraex your important temperatures 
prove difficult to measure, call on Radia- 
matic Pyrometers. They’re ideal for appli- 
cations where temperatures are too high . . . 
atmosphere too destructive . . . or vibration 
too severe for thermocouples. And they do 
many jobs impossible for other pyrometers, 
such as measuring temperatures of moving 
objects and surface temperature of work 
in furnaces. 


These features assure you accurate measure- 
ment and ready adaptability to any appli- 
cation: 


Reproducible Calibration: As 
interchangeable as thermo- 
couples . . . calibrated to a 
fixed standard. 


Easy Sighting: you can aim it 
accurately at the desired 
target . . . as simply as look- 
ing through a telescope. 


Versatile Mounting: varied 
mounting accessories include 
iy air-cooled and water-cooled 
‘im fittings; safety shutter pro- 
a tects the element against 
backfiring flames. 


Selection of Sighting Tubes: 
open-end and closed-end 
) wr types of ceramics and heat- 


resistant alloys. 

Temperature Compensated: 
needs no cooling devices for 
high ambient temperatures. 


Radiamatic elements and ElectroniK re- 
corders to work with them are available in 
ranges from 125 to 7000° F. Your nearest 
Honeywell engineer will be glad to discuss 
your plant’s applications. Call him today 
... he is as near as your phone. 


MINNEAPOLIS-HONEYWELL REGULATOR 
Co., Industrial Division, 4573 Wayne Ave., 
Philadelphia 44, Pa. 


@ REFERENCE DATA: Write for Catalog 9300, “Rodiomatic 


- 
| 
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mph and has a service ceiling of more than 40,000 ft. 


HE requirements for high performance propul- 

sion systems are increasing at rapidly expanding 
rates as airplane speeds enter the supersonic range. 
Because military aviation is one of the most com- 
petitive enterprises in the world, these requirements 
must be met if U. S. airpower is to maintain its lead- 
ership. The challenge to the engine designer is in 
turn reflected to the metallurgist in his ability to 
provide the suitable materials and special design 
data which the designer will require. 

Fig. 1 is a view of a typical axial flow jet engine. 
Air enters the compressor where it is compressed to 
a definite ratio through a series of stages. The com- 
pressor rotor consists of a number of bladed discs 
mounted on a shaft which is driven by the turbine 
wheel. The air is led from the compressor through 
passages in the compressor rear frame into combus- 
tion chambers where it is mixed with fuel and com- 
bustion takes place. The hot gas is allowed to expand 
through a turbine, then passes through the tail cone, 
the tail pipe, and finally escapes through a jet nozzle, 
providing thrust for propulsion. 


1. PERLMUTTER is Assistant Chief, Metals Branch, Materials 
Laboratory, Directorate of Research, Wright Air Development Cen- 
ter, Dayton. This paper was presented at the AIME Electric Furnace 
Steel Conference, Cincinnati, Dec. 2 to 4, 1953. 


The Boeing RB-47E Stratojet is the world’s fastest day or night long-range photo ship. It is capable of speeds in excess of 600 


High Performance Jet Engine Design 
Dependent Upon Metallurgical Ingenuity 


by |. Perlmutter 


Higher speed and altitude may be attained by in- 
creasing the thrust which in the basic jet requires 
an increase in turbine inlet temperature. However, 
Fig. 2 shows that as turbine inlet temperature goes 
up, thermal efficiency (which is in inverse propor- 
tion to specific fuel consumption) decreases.’ This is 
not the case in a true gas turbine where the kinetic 
energy is converted to shaft horse power and thermal 
efficiency increases with increasing temperature. In 
a turbo jet engine the gas escapes from a nozzle and 
provides thrust by its momentum. The reaction is 
absorbed by the various parts of the engine. Since 
kinetic energy increases as the square of the velocity 
of the gas, whereas momentum increases in direct 
proportion to the velocity, thermal efficiency will 
decrease with increasing temperature in the jet 
engine. How then can the associated drop in effi- 
ciency which would, of course, be reflected in in- 
creased specific fuel consumption and hence in 
reduced range, be restored? 

Fig. 3 shows’ that at a given turbine inlet tem- 
perature, both thrust and efficiency (i.e., decrease in 
specific fuel consumption) can be raised by increas- 
ing the pressure ratio. Since for each inlet tempera- 
ture the thrust curve reaches a maximum, whereas 
the specific fuel curve continuously decreases, the 
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METAL TEMPERATURES 


65°450° 900°-1650° 
-65-415° 900°-1800° 1200° 1500° 
if 
400°600° 1007-1400° 


65°450° 4.00°.1200° 
Fig. |—Metal temperatures of the component parts of an 
axial flow jet engine are shown in this diagrammatic view. 


selection of the optimum design point is generally 
based on the purpose of the aircraft, i.e., speed and 
altitude vs range and load. 


Compressor Conditions 


The increase in pressure ratio has a direct and far 
reaching influence in the choice of engine materials, 
particularly those for compressor construction. Major 
increases in pressure ratio in axial flow compressors 
are generally attained by raising the number of 
stages of bladed discs. Since the higher pressures 
raise the load which the turbine must take during 
expansion it becomes necessary to increase the num 
ber of turbine stages. Moreover, other components 
such as the combustion system and the compressor 
casing and rear frame, operating at higher pressure, 
must be more rugged. From these considerations it 
is apparent that increasing the pressure ratio will 
involve an increase in weight at least part of which 
must be offset by increasing allowable stresses or the 
use of lighter alloys with acceptable strength. 

The combined effect of higher speed and high 
pressure ratio on compressor temperatures is shown 
in Fig. 4 in which are plotted some calculated values 
of compressor inlet and outlet temperatures at vari- 
ous air speeds at an altitude of 35,000 ft and air 
temperature of —67°F. It will be noted that at 
Mach 2 (twice the speed of sound) the ram or inlet 
air temperature is 250°F and that at the outlet of 
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Turbine inlet temperature, °C (°F) 


Fig. 2—Thrust and turbine inlet temperature relationships 
ot a fixed pressure ratio indicate a decrease in thermal 
efficiency with increasing temperature in the jet engine. 
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a 10:1 compressor the value rises to 1000°F. The 
same value of compressor discharge temperature 
could also be attained with a lower pressure ratio 
at a higher speed under the same ambient condi- 
tions. It is important to note that this is within the 
range of highest operating temperatures of current 
steam turbines. Moreover, if such a compressor is 
to be an efficient one it must also have rather small 
clearances between blade tips and casing. Thus, from 
a materials point of view, it differs from the steam 
turbine in that a life of 1000 hr instead of 100,000 
hr is required at much higher allowable stresses. 

It has been customary in discussing materials for 
jet engines to stress the high temperature problems 
in the turbine section only since compressor outlet 
temperatures seldom exceeded 500°F. However, the 
combined effects of higher pressures and higher tem- 
peratures in a high performance jet engine com- 
pressor greatly magnify certain problems which in 
current jet engines are either non-existent or have 
adequate solutions. For example, under present com- 
pressor discharge conditions, hot air leakage to the 
interior of the engine, particularly the highly stressed 
thrust bearing and lubrication system, is greatly re- 
duced by the use of labyrinth seals which decrease 
the pressure by turbulence. Such measures may not 
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Compressor pressure ratio 
Fig. 3—At a given turbine inlet temperature both thrust 


and efficiency can be raised by increasing the pressure 
ratio. This is reflected in a decrease in fuel consumption 
and hence in increased range. 


be adequate at the very high pressures which may 
require friction seals with their concomitant mate- 
rials problems of wear, lubrication at high rotating 
speeds, and high heat generation. Consider also that 
in current engines there are almost 2000 compressor 
blades and a maximum outlet temperature of 450°F, 
whereas in the high performance compressor 2500 to 
3000 blades operate at a maximum outlet tempera- 
ture of 1000°F and that failure of a single blade is 
nearly always disastrous. The emergence of the com- 
pressor as a major problem in heat resistant mate- 
rials can, therefore, not be over-emphasized. 
Because it receives no cooling whatever and pre- 
sents the largest area subject to high stress at ele- 
vated temperature, the compressor wheels in the hot 
stages of the compressor constitute a serious mate- 
rials problem. In addition to having adequate creep 
strength the compressor wheels must be resistant to 
corrosion by marine atmosphere and free from notch 
sensitivity. As a cormpromise between compressor 
efficiency and allowance for expansion in the cas- 
ing, it is estimated that the maximum total permis- 


1000 


Temperoture, °F 


800 


Mach number 


Fig. 4—Calculated values of compressor inlet and outlet 
temperatures at various air speeds at an altitude of 35,000 
ft and an air temperature of —67°F show the combined 
effect of higher speed and high pressure ratio on com- 
pressor temperatures. Mach | is the speed of sound. 


sible creep in the wheels should be in the range 0.1 
pet to 0.2 pet per 1000 hr. 


Compressor Materials 

Table I gives the nominal composition’ for com- 
mercially available materials now used in com- 
pressors. The temperature-stress relations for 0.1 
pet and 0.2 pct creep per 1000 hr for these materials 
are plotted in Fig. 5. The ferritic or martensitic heat 
resistant steels fall into two classes, the low alloy 
and the 12 pct Cr or stainless types. The principal 
advantage of low alloy steels is their relatively low 
alloy content in relation to their high creep strength 


120 


Stress, 1000 psi 
T 


S50 600 700 800 900 1000 1200 
Temperature, °F 


Fig. 5—Maximum stress for 0.1 pet and 0.2 pct creep in 
1000 hr for commercially availnble materials used cur- 


rently in jet engines. 


and their freedom from susceptibility to stress- 
corrosion cracking. The wide range of creep strength 
and ductility is attained by heat treatment. 

The main disadvantage of the low alloy steels is 
their lack of corrosion resistance. Thus, if they are 
to be used in a compressor at high temperatures, 
they must be given surface protective treatment 
which must also be stable at the operating tempera- 
ture. Under current investigation are ceramic coat- 
ings, plating, aluminizing, and heat resistant paints. 

If very high allowable stresses in compressor 
wheels in the 1000° to 1100°F range are required, 
the iron base austenitic precipitation hardening 
alloys offer possibilities. This type of alloy is cur- 
rently being applied for turbine wheels in air force 
jet engines and turbo-superchargers. 

The ferritic steels are used extensively abroad in 
jet engine turbine wheels at rim temperatures up to 
1100°F, but the rest of the wheel is much cooler. 
The encouraging results of active research on the 
modification of the ferritic steels by the addition of 
boron and titanium indicate that the level of high 
temperature strength given for these materials in 
Fig. 5 will soon be surpassed. 

The 12 pct Cr or stainless type of creep resistant 
steels are modifications of Type 403 (which is now 
used in compressor blades and wheels) with addi- 
tions of molybdenum, vanadium, tungsten, or colum- 
bium. They can be heat treated to approximately 
the same creep strength level as the low alloy steels 
by quenching and drawing. Their chief advantage 


Table |. Nominal Composition of Available Compressor 
Materials, Pct 


Material c Mn Si Cr Mo Vv 


Low Alley Steels 


17-22AV 0.30 0.70 0.60 1.3 0.50 0.85 - 

H-40 0.30 0.50 0.30 3.0 0.50 0.85 0.50 
12 Pet Cr Type 

Rex 448° 0.10 1.0 0.50 11.0 0.8 0.20 _ 

C-422 0.23 0.8 0.20 13.0 1.0 0.25 1.0 


A-286** 0.05 11 0.85 15.0 1.25 0.30 _— 
Titanium Alloys 


Fe Cr Al Mo 
Ti 155A 10 2.0 5.0 1.0 
3AL-5Cr 5.0 3.0 


* In addition contains 0.50 pet Cb. 
** In addition contains 26.0 pct Ni. 


over the low alloy steels is their higher corrosion 
resistance which obviates the difficult problem of 
surface protection. Their principal drawback is their 
susceptibility, at higher strength levels, to stress- 
corrosion cracking, which has now been observed in 
compressor blades by two engine manufacturers 
and has been definitely identified by the air force 
as the cause of at least two major accidents. In both 
instances the stress-corrosion cracks at the edges 
of the blades nucleated fatigue cracks which led to 
blade fracture and subsequent complete wreckage 
of compressor and engine. While the exact nature of 
the phenomenon is not well understood, it appears 
to be characteristic of Type 403 stainless steel and 
its modifications when they are tempered in the 
range 900° to 1050°F. Material heated over 1100°F 
appears to be free from this susceptibility, but un- 
fortunately the fatigue strength of the steel tem- 
pered in this manner may fall too short of that 
required for the rather long blades in the type of 
compressor considered here. 

Titanium alloys are a natural so far as compressor 
blades and wheels are concerned because of their 
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Fig. 6—A comparison of four experimental materials with 
$-816 and Stellite No. 31 now used in turbine buckets is 
presented on the basis of stress to rupture in 100 hr. The 
wrought molybdenum base alloy and the cermet have 
been adjusted to $-816. 


2000 


high strength-to-weight advantage. Moreover, they 
are free from the stress-corrosion susceptibility of 
the 12 pct Cr steels, and the low corrosion resistance 
of the low alloy steels. As noted in Fig. 5, the com- 
mercially available titanium alloys lose their strength 
very rapidly above 700°F, but the encouraging re- 
sults obtained on a 6 pct Al -0.5 pct Si alloy, de- 
veloped by the air force, indicate that this is only a 
temporary situation. 

However, titanium alloys possess certain char- 
acteristics which may handicap their application, 
particularly for rather long compressor blades. One 
disadvantage is their low modulus of elasticity 
which is about half that of steel. This property, in 
conjunction with the rather long blades would be 
reflected in vibrational frequencies which are well 
within the operational range of the engine, thus 
posing a problem in resonant fatigue. The galling 
tendency of titanium may cause difficulties at the 
mating surfaces in the fastenings between the blade 
and the wheel since fatigue failures of steel blades 
by this mechanism have already been encountered. 
The titanium alloys are also characterized by a high 
degree of first stage creep which must be taken into 
consideration in using creep data for design purposes. 

A possible application of titanium alloys, second 
in importance only to the compressor wheels and 
blades, is the compressor stator casing. In current 
engines, this part is made of a cast aluminum alloy, 
which in the high performance compressor, would 
be quite inadequate for the high temperature and 
pressure requirements. To meet the latter specifica- 
tions would require that the part be made of steel. 
The present commercially available titanium alloys 
offer possibilities as a light weight substitute for the 
cooler portions of this component. 

The most critical requirement in the high per- 
formance jet engine is in the compressor blades 
where high fatigue strength is needed to cope with 
the high vibrational stresses. This is brought about 
by the necessity for higher air flow and reduced 
drag in the compressor which in turn require rather 
long blades. The blades are also simultaneously sub- 
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jected to creep stresses due to the centrifugal forces 
and the higher temperature. These requirements 
represent a drastic departure from those for current 
blades which are shorter (hence involve lower vibra- 
tional stresses) and are subject to steady (centri- 
fugal) stresses at temperatures where no measurable 
creep takes place. The conventional creep, tensile, 
and fatigue data are no longer adequate for design 
purposes. Unfortunately there is no information at 
all on the combined effects of static and dynamic 
(vibratory) stresses (Goodman diagram) on creep 
or rupture strength of any of the materials available 
for compressor blades. : 

Concomitant with the need for fatigue strength is 
resistance to corrosion, for a rust pit can initiate a 
fatigue failure, and it requires the fracture of only 
one out of 2500 blades to produce severe damage, if 
not complete disaster. To reduce the possibility of 
such damage, the compressor blade material should 
also be free from notch sensitivity and have accept- 
able impact resistance in the range —75°F to the 
maximum compressor outlet temperature. Finally, 
it is very important that at the highest strength level 
at which the material is to be applied it should not 
be susceptible to stress-corrosion cracking. 


Turbine Buckets 

It can be readily shown that to obtain high per- 
formance in an engine having a high compressor 
outlet t::nperature, the turbine inlet temperature 
will also have to be high, probably at least 75° to 
100°F higher than those in current engines in which, 
for appreciable bucket life, maximum temperatures 
do not exceed the 1550° to 1575°F range. To meet the 
requirements of higher turbine inlet temperatures 
there are two main approaches; air cooling, and im- 
provement of solid buckets by development of mate- 
rials having the required strength at the higher 
temperatures. While the former is beyond the scope 
of this discussion, it can be stated that it offers the 
possibility of very high turbine inlet temperatures 
(higher, in fact, than could be withstood by the 
strongest of the experimental heat resistant mate- 
rials) with conventional alloys. Such a design, in- 
volving hollow wheels, would also save weight. Its 
principle disadvantages are the associated complica- 
tions in designing to provide the hollow bucket with 
resistance to fatigue and assuring passage of cooling 
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TURBINE BUCKETS 


Fig. 7—A comparison of the standard fir tree root with 
some experimental designs is shown. The essential feature 
of the experimental designs is that by avoiding the stress 
concentrations at the fir tree serrations, the strength of 
the attochment in relation to applied centrifugal load can 
be appreciably improved. 
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air to the critical regions at the trailing and leading 
edges. Some efficiency is also sacrificed in bleeding 
the cooling air from the compressor. 

Fig. 6 presents a comparison, on the basis of stress 
to rupture in 100 hr, of a casting and forging alloy 
in current turbine bucket application in a number 
of air force engines with four experimental materials 
which have acceptable strength at temperatures 
considerably above the 1550° to 1575°F range. The 
latter consist of a cast nickel base alloy, a cast cobalt 
base alloy, a wrought molybdenum base alloy and a 
nickel-bonded titanium carbide cermet alloyed with 
molybdenum. At present these constitute the lead- 
ing possibilities for attaining high turbine inlet tem- 
peratures with solid buckets. 

It will be noted in Fig. 6 that certain molybdenum 
alloys, even after correction for their density, have 
the highest rupture strength of all the materials that 
have been considered for high temperature turbine 
buckets. These molybdenum alloys, which are chiefly 
of the solid solution type, derive their strength by 
being worked below their very high recrystallization 
temperature. The application of this principle to 
jet engine materials has an excellent precedent in 
the hot-cold worked 16-25-6 alloy which has now 
been in continuous use in turbo-supercharger and 
jet engine wheels for 11 yr. The ductility of molyb- 
denum alloys at temperatures below 400°F is very 
strain rate sensitive, and in a molybdenum alloy 
bucket this might constitute a problem in stress 
concentration at the root in the fastening or at any 
indentation in the air foil section as the engine is 
brought up to speed. 

By far the most serious shortcoming of molyb- 
denum and its alloys is the rapid rate at which they 
oxidize even at moderately elevated temperatures. 
While considerable progress has been made in the 
development of ceramic and metallic protective 
coatings, each having its particular advantuges and 
disadvantages, to date there is no reliable surface 
treatment or coating which will consistently stand 
up under conditions of jet engine operation includ- 
ing possible impact by foreign bodies. For this reason 
molybdenum alloys must be ruled out, at least for 
the present, as a means of attaining high turbine 
inlet temperature. 

In addition to the high strength indicated in Fig. 
6, the nickel bonded titanium carbide cermets (and 


North American Avi- 
ation’s F-100, the 
Super Sabre, is pow- 
ered by Pratt & 
Whitney Aircraft’s 
J-57 axial flow jet 
engine. It was the 
first combat plane 
designed to find an 
open door through 
the sound barrier. 


their modifications with molybdenum, columbium, 
and tantalum) are light (requiring thinner wheel 
rims to which they are fastened) and have accept- 
able resistance to thermal shock and oxidation. They 
also represent a lower investment in critical metals 
than any other bucket alloy. Their disadvantages 
are very low ductility and low impact strength. The 
former is a major handicap, particularly at the root 
section where the possibility of stress-concentration 
is highest. The latter, low impact strength, is the 
most serious limiting factor in the application of the 
cermets for buckets. In current jet engines, impact 
by fragments of liners and broken buckets generally 
produces deformation or indentation of the operating 
buckets, which will nevertheless continue to operate. 
However, experience with jet engine rotors, fitted 
either partially or entirely with cermet buckets, has 
shown that failure of any one part invariably results 
in destruction of most of the cermet buckets. This 
is further aggravated by the fact that there is no 
nondestructive method of inspecting cermets. 

The effort to develop and establish the metal 
bonded carbides as a turbine bucket material has 
taken two main directions, increasing ductility and 
suitable design. Since a cermet combines the high 
hot strength of the brittle carbide with the ductility 
of the metal, some ductility can be gained by com- 
promising in favor of the metal bond at the sacrifice 
of some high temperature strength. Further modifi- 
cations of composition, improved techniques in com- 
pacting, and increased metal content in the root are 
also being investigated. However, to the main prob- 
lem of impact brittleness at temperature, there ap- 
pears to be no immediate solution. 

The other approach to the low ductility problem 
has been to circumvent or reduce the requirement 
for ductility in the bucket material by modification 
of the current fir tree root as shown in Fig. 7. This 
effort has been very fruitful for it has developed 
concepts of root design which, as applied to certain 
alloys, now constitutes the most promising means of 
attaining the immediate goal. In this connection, the 
excellent work of the National Advisory Committee 
for Aeronautics should be cited. Fig. 7 presents a 
comparison of the standard fir tree root with some 
experimental designs proposed for cermet buckets. 
The essential feature of the latter is that by avoid- 
ing the stress concentrations at the fir tree serrations, 
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the strength of the attachment, in relation to the ap- 
plied centrifugal load, can be appreciably enhanced. 
The strength of the attachment can be further effec- 
tively increased by partially compensating for the 
lack of ductility in the cermet through the insertion 
of ductile shims or retaining pins of metal at the 
mating surfaces either of which provides for a better 
load distribution. 


Casting Alloys 

Fig. 6 compares the materials mentioned pre- 
viously with a cast cobalt and a cast nickel base 
alloy. These two are representative of a group of 
casting alloys which are characterized by higher 
rupture strength than the current materials shown 
in Fig. 6 but with low ductility (3 pct or less) at 
room and intermediate temperatures. However, at 
elevated temperatures (1500°F or higher) their 
ductility is quite adequate, and thus under engine 
operating conditions it is not expected that they 
would have low impact resistance. Because of their 
low ductility at the lower temperatures, these alloys 
have hitherto received relatively little attention, 
particularly as the more ductile forging and casting 
alloys have been giving adequate performance at 
current operating temperatures. In view of the in- 
adequacies of the molybdenum alloys and the car- 
bide cermets, it appears desirable to review the 
properties of these cast cobalt and nickel base alloys, 
particularly in the light of the fruitful research 
which has been carried out on root design and duc- 
tility requirements and to extend those findings to 
these alloys. 

Such considerations strongly indicate that the ap- 
plication of the low ductility cast cobalt and nickel 
base alloys to a bucket provided with a root having 
a minimum of stress concentrations and cushioned 
in its fastening by a shim of ductile metal can ex- 
tend turbine inlet temperature to an appreciably 
higher level. Such buckets would be free from the 
impact brittleness of the cermets and the low oxida- 
tion resistance of the molybdenum alloys. 


Progress Reviewed 


Table II lists chronologically the alloys’ used in 
aireraft turbines since 1918, the year of the first 
turbo-supercharger, and the approximate tempera- 
ture for rupture at 100 hr at 20,000 psi. The first 
three materials, through 1933 as shown in Table III, 
were respectively a chromium-vanadium spring, in- 
take valve, and exhaust valve steels. 

It will be noted in Table II that the progress at- 
tained in the first 24 yr (as measured by the increase 


Table I. Chronological List of Materials Used in Aircraft Turbines 
and Temperature for Rupture in 100 Hr at 20,000 psi 


Tem- 
Date of pera- 
Use Material ture 


1918 to 1922 SAE 6150 

1922 to 1928 Silechrome No. 1 

1928 to 1933 KE 965 

1933 to 1942 17Ww 

1942 Stellite No. 21 

1946 8-816 

1948 Stellite No, 31 
Cast Ni-base 


Turbo- 
super- 
charger 


Jet 
Engines 


Cast Co-base 
TiC-Ni-Mo- 
Cermet 
Molybdenum - 
Base Alloy 


Experi- 
mental 
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Material > Co Me W 


SAE 6150 
Silchrome 


in temperature for the indicated conditions of time 
and stress) is more than matched by that accom- 
plished in the short time comprising the war and the 
first few postwar years. The corresponding tem- 
peratures for the group of experimental materials 
indicates that this rate of development can be main- 
tained or even surpassed, but unfortunately what 
the tabulations do not show is that between this 
group and the other materials there is a broad gap, 
involving the philosophy of the relations between 
design and metallurgy, and that if this is not over- 
come, only a small part of the indicated potential 
progress will be realized. 

The alloys indicated in the first group of Table II 
(1918 to 1948) were accepted by the designer be- 
cause they fitted into his framework of design con- 
cepts. Since it has been possible to meet his demands 
for various combinations of mechanical and other 
properties by developing new compositions or by 
modifying existing ones, the basis for his require- 
ments has seldom been challenged. It is, therefore, 
natural that he became conservative in his require- 
ments for certain properties in the consciousness 
that the metallurgist would always meet them and 
looked with distrust and suspicion on any new ma- 
terial which fell short of his demand, regardless of 
how attractive its functional or operational proper- 
ties might appear. 

The end for this state of affairs lies between the 
two groups of materials in Table II. The designer 
must recognize that the very high temperature ma- 
terials are endowed by nature with certain limita- 
tions. He musi base his design on the properties of 
these materials taking into consideration their nat- 
ural limitations as well as their high temperature 
strength. As he gains experience and skill in deal- 
ing with such materials and becomes thoroughly 
familiar with their behavior and their level of prop- 
erties, he will gain more confidence in them pro- 
vided that the metallurgist does his best to assure 
that the level of properties is consistent and uni- 
form. Only through such cooperation can the full 
potential of these materials for high performance 
engines be realized. 
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HEE “Nominal Composition of Turbine Bucket Materials, Pct 
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{ Stellite 
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NTEREST in titanium base alloys for elevated 
temperature use is based upon the belief that they 
can be substituted for steels and aluminum alloys to 
gain significant savings in weight. The application 
for which the greatest effort in titanium alloy de- 
velopment is being directed is that of jet engine 
components. It is in this area that weight reduction 
is especially important and even mandatory for aeri- 
al superiority. A pound saved in the engine means 
additional pounds saved in supporting members. 
Requirements for jet engine components place 
most severe demands on properties of alloys for 
elevated temperature application. While selection 
of materials for use in jet engines is based primarily 
on elevated temperature properties, properties at 
normal and low temperatures are also of importance. 
Because military aircraft must be designed to oper- 
ate in all climates, parts must have the ability to 
withstand stress conditions imposed at normal and 
subnormal temperatures. The properties most im- 
portant at these lower temperatures are ductility 
and impact strength. It is generally required that 
compressor blade materials have a minimum of 10 
pct tensile elongation at room temperature. 
Elevated temperature properties which must be 
evaluated for alloys in jet engines are: A—Stress- 
rupture strength, B—resistance to creep, C—resis- 
tance to corrosion by jet engine gaseous environ- 
ments, and D—fatigue strength. Because of the 
allotropic nature of titanium, three distinct types of 
alloys can be produced—the alpha, beta, and alpha- 
beta alloys. Single-phase alloys such as the alpha or 
beta alloys offer considerable advantage for use at 
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Titanium Alloys Give Promise 


Of High Temperature Applications 


by F. A. Crossley and H. D. Kessler 


elevated temperatures from the standpoint of sta- 
bility at high temperatures. On the other hand the 
alpha-beta alloys, although they may not be stable 
at the high temperatures, may actually be more 
creep resistant if precipitation occurs at a low 
enough rate. 

Rather than detail the complex story of the alloy 
development program in progress at the Armour 
Research Foundation, several of the better experi- 
mental alloys representing the various types have 
been selected for comparison with several of the 
more prominent commercial titanium base alloys. 
The various points of comparison among the three 
types of alloys to be brought out will cover the 
short-time tensile properties, creep and stress-rup- 
ture properties, and structural stability. 


Short-Time Tensile Properties 

The data in Table I indicate that two alloys do 
not have a room temperature tensile elongation of at 
least 10 pct desired for compressor blade applica- 
tions. These are MST 3A1-5Cr and Ti-8Al-4Mo. 
There is little question that the former or Mallory 
alloy, if properly heat treated and with the proper 
adjustment of interstitially soluble elements, could 
be brought within the required tensile ductility 
range. However, it would be quite difficult to 
achieve a consistent 10 pct or better elongation in the 
Ti-8Al-4Mo alloy. Armour’s alloy development pro- 
gram has shown that, although aluminum additions 
to binary or more complex titanium alloys greatly 
improve the elevated temperature properties, alum- 
inum contents in the range of 8 pct result in low 
ductility at room temperature. 

The elevated temperature tensile properties of 
the various alloys are shown in Fig, 1. Of the com- 
mercial alloys, only the MST 3A1-5Cr was included 
in this comparison. Data presently available show 
that the MST 3Al-5Cr has tensile and yield strengths 


Table |. Room Temperature Tensile Properties of Titanium Base Alloys 


Ultimate 


Vield 
Tensile Strength 
Strength (0.2 Pet Offset) Elongation* 
Alley Type Heat Treatment Psi Pet Source of Data 
Ti-6Al a 1200°F-1 hr-AC 121,000 110,000 15 Armour 
Ti-6A1-0.5Si a 1110°F-24 hr-AC 153,000 140,000 12 Armour 
complex 1560°F-3 hr-AC 147,000 128,000 19 Armour 
Ti-150A a+8 — 150,000 120,000 12°* Titanium Metals Corp.' 
RC-130B 145,000 135,000 16 (2 in.) Rem-Cru® 
Ti-8Al-4Mo a+ As-forged 170,000 140,000 8 Armour 
MST 3AI1-5Cr a+ Hot forged 97 pct 170,000 160,000 5 (2 in.) Mallory-Sharon® 
Ti-30Mo B As-forged 131,000 130,000 16 Armour 


* In 1-in. gage length unless otherwise specified. 
** Minimum specification. 
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Fig. 1—The elevated temperature tensile properties of 
various titanium base alloys are compared. 


superior to those of other commercial alloys at all 
temperatures up to 1000°F. It may be noted that at 
800°F the beta alloy Ti-30Mo has better tensile 
properties than the alpha alloy Ti-6Al. However, 
the beta alloy has roughly 20 pct greater density 
than the alpha alloy and consequently must be 20 
pet stronger to be equivalent on a strength-weight 
basis. Also noteworthy is the high ultimate tensile 
strength of the Ti-8Al-Mo alloy at elevated temper- 
atures. These data were obtained for the alloy as 
annealed at 1290°F for 24 hr. This heat treatment 
rendered the alloy brittle at room temperature as 
compared to 8 pct elongation obtained for the alloy 
in the as-forged condition as shown in Table I. 


Creep and Stress-Rupture Properties 
The properties of most importance in the evalua- 
tion of alloys for use in jet engine components are 
creep and stress-rupture strengths. Fig. 2 illustrates 
the superior creep resistance of commercially pure 
titanium, RC 70, at 400° and 600°F when compared 


on a strength-weight basis to two representative 
high strength aluminum base alloys. 

Table II compares stress-rupture data for four 
experimental alloys studied at the Armour Research 
Foundation, two commercial alloys, and Type 410 
(12.5 pet Cr) stainless steel. At 800°F the alloys, 
except Ti-150A, have excellent 1000-hr rupture 
strength and compare very favorably with the stain- 
less steel. On the basis of 1000-hr rupture strength 
at 800°F, the three strongest alloys are ranked in 
the order: A—Ti-8Al-4Mo, B—Ti-30Mo, and C— 
Ti-6Al-0.5Si. At 1020°F, Ti-150A and MST 3Al- 
5Cr, both alpha-beta alloys, fail to compare favor- 
ably with Type 410 in stress-rupture strength. The 
significance of these data are better illustrated in 
Fig. 3. This figure shows that on a strength-weight 
basis titanium alloys offer a definite advantage over 
the stainless steel at 1020°F. 

Creep data on titanium base alloys for tempera- 
tures of 800° and 1000°F are not complete enough 
to make a detailed comparison with Type 410 stain- 
less steel. However, some observations based on 
Armour’s researches can be reported. Of the alloys 
compared in Table II, the beta alloy Ti-30Mo is the 
most creep resistant at 800°F. The alpha-complex 
alloy Ti-6A1-0.5Si ranks closely behind followed by 
the alpha-beta alloy Ti-8Al-4Mo. This order is 
contrary to that observed for 1000-hr rupture 
strength at 800°F and indicates that stress-rupture 
data cannot be relied upon to show the relative merit 
of alloys when the differences in their rupture 
strengths is not great. On the basis of creep resis- 
tance, Ti-30Mo, Ti-6Al-0.5Si, and Ti-8Al-4Mo al- 
loys offer considerable advantage over the stain- 
less steel at 800°F. At 1000°F, the Ti-8Al-4Mo 
definitely and the Ti-6Al1-0.5Si probably offer ad- 
vantage over Type 410 stainless steel. 


Structural Stability 

Stability is especially important if the require- 
ment of 10 pct minimum room temperature tensile 
elongation is expected to be maintained throughout 
service life. Indications are that titanium base 
alloys after proper heat treatment when exposed to 
elevated temperatures for long periods, but not 
under stress, are quite stable. However, exposure 
under stress may cause structural changes. For ex- 
ample, observation of the microstructure of the so- 
called stable beta Ti-30Mo alloy after over 900 hr 
exposure at a stress of 75,000 psi at 800°F indicates 
a fine dispersion of alpha throughout the structure. 
The specimen failed in a brittle manner while it 
was being extracted from the creep testing ma- 
chine. Although this stable beta alloy was ductile 
prior to testing, it became extremely brittle while 
stressed at 800°F. It would seem that more than 


Table !!. Stress-Rupture Dota for Titanium Base Alloys 


Stress at 800°F 
for Rupture 


Alley Type Heat Treatment 100 Hr 


6Al a 79,000 


6A1-0.58i a-complex 

Mo Stable 

8A1-4Mo a8 105,000 
TI-150A 42,000 
MST 3A1-5Cr a+sB 


Stainless 


Type 410 
Steel 


* TI-150A data taken at 1000°F ** Extrapolated data 


Stress at 1020°F* 
for Rupture 


Armour 
Armour 
Armour 
Armour 
Tc 


77,000 


Armour 


30,000 Armourtt 


+ Estimated from limited data. 


¢? These data give higher values than those reported by US Steel Corp. for this alloy. 
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30 pect molybdenum would be required to prevent 
alpha precipitation and consequent embrittlement 
at 800°F or lower. Unfortunately, all beta sta- 
bilizing elements are heavier than titanium so that 
very large additions to produce truly stable alloys 
would seriously reduce the weight saving advantage 
of titanium. For this reason it appears that truly 
stable beta alloys do not offer much promise of being 
useful for elevated temperature applications. 

All the commercial alpha-beta alloys contain 
additions which form a binary eutectoid system with 
titanium. The tensile and yield strength vs tempera- 
ture plots for MST 3Al1-5Cr in Fig. 1 and the log 
rupture strength vs log time plots in Fig. 3 at 1020°F 
indicate that eutectoid decomposition occurs in 
this alloy in a fairly short time under stress. Time- 
temperature-transformation studies on a similar 
composition, Ti-8Al-4Cr, alloy showed the initia- 
tion of eutectoid decomposition in about 20 hr at 
930°F. There are indications that Ti-150A and RC 
130B decomposed eutectoidally when exposed to 
elevated temperatures under stress. 

The Ti-8Al-4Mo alloy does not decompose eutec- 
toidally as neither aluminum nor molybdenum are 
eutectoid formers. However, there is microscopic 
evidence that the beta phase precipitates alpha at 
temperatures for application. It is believed that this 
is the reason for the difference in room temperature 
ductility in the as-forged and annealed conditions. 
As-forged, this alloy shows 8 pct tensile elongation 
against 0 pct annealed at 1290°F for 24 hr. 


Summary 


There is little doubt that the titanium base alloys 
will be applied with success up to 1000°F for ex- 
posures of approximately 1000 hr. At least one duc- 
tile experimental alloy, Ti-6AIl-0.5Si, has greatly 
superior creep resistance and rupture strength com- 
pared to Type 410 stainless steel] at 800°F. At least 
one experimental alloy, Ti-8Al-4Mo, is greatly su- 
perior in creep rupture and in creep resistance to 
Type 410 at 1000°F. This last named alloy is not 
ductile. However, by modification of composition 
some of the strength could be sacrificed to give 
a ductile alloy which could be applied with advan- 
tage at 1000°F. To go beyond this temperature two 
barriers must be crossed. The first of these is ade- 
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Fig. 2—Creep rate comparison on a strength-weight basis 
is shown between commercially pure titanium, RC 70, 
and two representative high strength aluminum base alloys. 
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Fig. 3—Stress-rupture comparison of titanium base alloys 
with Type 410 stainless steel indicates that on a strength- 
weight basis titanium alloys offer a definite advantage. 


quate creep resistance; the second is improved cor- 
rosion resistance, Raising the temperature limit of 
application of titanium base alloys could be made 
considerably less difficult if designers could learn to 
use an alloy having something less than 10 pct ten- 
sile elongation at room temperature. If the alloys 
must have high room temperature ductility after 
exposure to stress and heat, then the alloy develop- 
ment work should be directed away from the alpha- 
beta toward the alpha type, particularly toward the 
precipitation hardenable alpha-complex alloys. 

The so-called stable beta alloys do not offer much 
promise for elevated temperature applications be- 
cause extremely large additions of the heavy beta 
stabilizing elements are required to produce alloys 
truly stable under stress at elevated temperatures. 

Aluminum additions to alpha alloys or to alpha- 
beta alloys seem to confer the best elevated temper- 
ature strength properties. Alloys for service above 
800°F should contain in the range of from 6 to 8 pct 
Al. However, the aluminum content must be kept 
at the lowest possible level to obtain sufficient room 
temperature ductility. One of the desirable proper- 
ties of the alpha alloys, unlike the alpha-beta alloys, 
is that they are ductile as welded and require no 
post welding heat treatment. 

Although little information is available at the 
present time on the elevated temperature corrosion 
resistance of titanium alloys, preliminary work at 
Armour indicates that aluminum additions reduce 
the corrosion rate in air at intermediate temperature 
levels. Diffusion or alloying of the interstitially sol- 
uble elements oxygen and nitrogen and resulting 
embrittlement is of greater importance than scaling 
at temperatures of 900° to 1300°F. There is a defi- 
nite need for information on the influence of alloy- 
ing elements on elevated temperature corrosion 
resistance of titanium. 
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lron Curtain Report — 


ITHIN Poland's present borders, the two dis- 

tricts of Silesia and Dabrowa remain her most 
important steel-making area. Most of the present 
day steelworks of Silesia and the Bankowa plant in 
Dabrowa were established in the first half of the last 
century. Other plants came into being in Dabrowa 
in the 1880's and 1890's as a result of political and 
economic pressure by neighboring states. There are, 
however, three plants in the Radom-Kielce district, 
one of which, at Ostrowiec, was built in the latter 
part of the last century with French capital. 

The absorption by Poland of German Upper and 
Lower Silesia after the war gave her the steel plants 
at Bobrek, Stalin (Laband), Gliwice, Ozimek (Mal- 
apana), Andreaj, and Zabrze (Hindenburg). Poland 
also acquired the coke ovens and blast furnaces at 
Stettin (Szczecin). This new area of postwar 
Poland soon became dominated by Russian influ- 
ence, and reconstruction was planned on the Soviet 
model. Public ownership of large scale industry 
became effective during 1946, followed by a more 
gradual process of nationalization of smaller con- 
cerns and of trade during the Three-Year Plan of 
1947 to 1949. 

By the time the Six-Year Plan of 1950 to 1955 
was introduced, the integration of industry on So- 
viet lines had been completed. Publication of sta- 
tistics had been progressively reduced, and the 
changing of place-names made comparison with the 
area of prewar Poland very difficult. Under the 
latest plan, Poland is in the process of building two 
completely new steel works at Czestochowa and 
Nowa Huta, near Krakow, each with an annual 
capacity of over 1 million metric tons, while a new 
special steel plant is under construction in the War- 
saw area. 

New Iron and Steel Plants 

Nowa Huta is now the magic word in Poland, and 
news of development of the new town and steel- 
works is continually being brought before the pub- 
lic. Up to 1949, the site of the present construc- 
tional activity was simply green fields; now it has 
already some 35,000 inhabitants and is proclaimed 
as the first Polish socialist town. The whole town is 


These articles were abstracted from the fron & Coal Trades 
Review, Vol. 167, Nov. 27 and Dec. 11, 1953, London. 
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built around a steelworks which, when completed, 
will produce more steel than did the whole of Po- 
land in 1937. Under the present plan, the town 
will eventually house 120,000 people, and nation- 
wide propaganda took the line that is was “an es- 
sential and urgent task for the National Front to 
unite the nation around the building of Nowa Huta.” 
The siting of the town is some 50 miles to the east 
of Poland's main coal deposits and it covers a 6-mile 
are along the bank of the River Vistula. The river 
port, which will be of paramount importance to the 
steelworks, is already almost complete. Finished 
products from the plant will be sent by river to 
Warsaw and Gdynia, while ultimately the major 
part of Nowa Huta’s ore supplies will come by river 
barge from the Russian Krivoi Rog ore field via the 
Dnieper-Bug-Vistula waterway. 

The equipment scheduled for the plant includes 
four blast furnaces each of 800 metric tons daily 
output, ten open hearth furnaces with combined an- 
nual output of 1% million metric tons, and rolling 
mill capacity of 1 million metric tons a year includ- 
ing structural steel, plates, and sheets. The initial 
stage of the plan aims at completing only half the 
proposed coke oven plant, two blast furnaces, and 
about half the open hearth furnaces, as well as the 
blooming mill and sheet mill. Production at Nowa 
Huta was expected to begin before the end of 1953, 
but the works may not be fully completed even by 
the end of the Six-Year Plan in 1955. Another 
plant which is under construction is the Warsaw 
Special Steel Works. Situated on the left bank of 
the Vistula, it is to be the largest special steel works 
in Poland. 

Scheduled for expansion under the Six-Year Plan 
is the Stalin Works (previously known as the La- 
band Works), which has steel melting shops and 
rolling mills. This plant, situated some few miles 
to the northwest of Gliwice, was not very large in 
prewar days, although some modern equipment 
had been installed between the years 1936 and 
1938, but during the war the Germans expanded it 
considerably for war purposes. In 1946, the Rus- 
sians took much of the equipment as reparations, 
although later reports indicate that it was rein- 
stalled. One of the largest Polish works is the ex- 
German plant at Bobrek. This was also subjected to 
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Russian demands for reparations, but again most of 
the dismantled equipment was later returned. 


Development Plans 

In steelmaking, the emphasis is upon building 
large units. The new open hearth furnaces at 
Czestochowa appear to have a productive capacity 
of some 110 to 140 metric tons per heat, while it has 
recently been announced that the Nowa Huta shop 
will have furnaces of 185 and 370 metric tons ca- 
pacity. The pig iron charge in steelmaking is 
planned to increase to 75 pct so as to relieve the 
present acute shortage of scrap. This compares with 
a figure of under 55 pct in 1949. Targets in 1955 
under the Six-Year Plan are as follows: Coal-— 
100,000,000; coke—12,800,000; iron ore—3,000,000; 


pig iron—3,500,000; steel ingots—4,600,000; and 
rolled products—3,200,000 metric tons. 

The 1955 prospects for Poland in steel seem to de- 
pend on her ability to obtain Swedish ore by offering 
coal cheaper than other European producers. But in 
the long run she will probably become more de- 
pendent on Russian ore, especially in view of the 
intention to build a second iron and steel plant at 
Nowa Huta of similar capacity to the one already 
under construction. The second Nowa Huta plant, 
also requiring Krivoi Rog ore, would make a Bug 
canalization scheme almost a necessity, and it would 
result in the Polish industry becoming almost en- 
tirely dependent on Russian ore. Ultimately, almost 
the entire Polish economy and prosperity would 
thus be controlled by Moscow. 


Red China Strives For 


Increased Steel Production 


OMMUNIST China’s massive exhibition pavilion 

at the 1953 Leipzig Fair in eastern Germany 
afforded the opportunity to see products and learn of 
present conditions in the Chinese mineral industries. 
It was estimated that crude steel production would 
be approximately 3 million metric tons in 1953, 
nearly twice the 1943 record. Coal output, however, 
is only now reaching the pre-Communist peak. This 
was 54 million metric tons for the entire country 
(excluding Formosa) in 1943, and 25 million metric 
tons in Manchuria alone. Pig iron production was 
thought to have exceeded the wartime maximum of 
some 2.5 million metric tons. 

Official Chinese sources have claimed that pro- 
duction increases in 1952 were 40 pct for pig iron, 
coal 29 pct, crude steel 40 pct, and rolled steel 49 
pet over 1951. By the end of 1953, the first year of 
the Five-Year Plan, which concentrates on building 
up heavy industry, pig iron output was planned to 
rise 13 pct, ingot steel 22 pct, and rolled steel 35 pct. 

All the main iron works in China were said to be 
making top quality basic pig iron for steel produc- 
tion. According to one government report, basic 
pig iron in 1952 accounted for 90 pct of the pig iron 
output at Anshan, China’s principal steel center. 
Low grade iron ore was stated to be used extensively 
there, and the production of basic pig from sintered 
ore was described as one of the outstanding achieve- 
ments of the iron and steel industry. 


Manchurian Industry 

Northeast China (Manchuria) continues to be the 
country’s major industrial base with construction 
and investment priorities going to Anshan. The 
integrated iron and steel works there was built by 
the Japanese with German assistance. At its peak 
during the war it had a huge coke oven plant in 
operation, nine blast furnaces with individual daily 
outputs varying from 350 to 700 metric tons, steel 
furnaces with an annual output of 1.3 million tons, 
and rolling mills. Anshan was largely destroyed in 


the final weeks of the world war and the subsequent 
civil war and partly dismantled by the USSR, but 
it is now being rebuilt and expanded. This work 
was pushed ahead last winter despite an average 
temperature of 0°F. 

Largest projects at Anshan have been the con- 
struction of several blast furnaces and the erection 
of new rolling mills and a seamless tube mill. The 
Chinese maintain that much of the equipment for 
these installations was provided by Russia, and 
that Soviet engineers and technicians have assisted 
greatly in the work in everything from original 
designs to training and advising the workers. 

Seventy-five miles northeast of Fushun, expan- 
sion of China’s principal coal center is being pressed. 
The open pit mine is believed to be the iargest of its 
kind and to have the thickest seams of bituminous 
coal in the world. Seam depth averages 130 ft but 
extraction in the past was largely by hand. One 
open pit mine has now been mechanized and several 
vertical shafts opened up. A plant for producing 
high grade carbon black has also been established. 
The Fushun steelworks is said to be producing 13 
kinds of stainless, heat resisting, and high speed 
steels while local factories are making mining ma- 
chinery according to Russian designs. 


Second Industrial Area 

After the Northeast, Taiyuan in Shansi province 
is China’s number two industrial base. The iron and 
steel works is being modernized, and a new sheet 
mill, forge shop, and electric furnace dept. have 
recently been installed. Products are chromium, 
stainless, and silicon sheet steel. 

At the allied heavy engineering plant, machinery 
is now going in for the manufacture of rolling mills, 
coke ovens, and other metallurgical equipment, as 
well as large traveling cranes. Facilities are to be 
expanded by the construction of a new foundry, 
steelmelting shop, and gas plant. 
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At Tientsin, the integrated iron and steel works is 
now turning out rods and wire, and a machine-tool 
plant covering 20 acres started production at the 
beginning of the year. Mechanization of the Tatung 
colliery, North China’s richest coalfield, has begun, 
and three abandoned pits with seams up to 65 ft 
thick are to be restored. The Tangshan steel plant 
claims to be converting its acid Bessemer process 
to basic Bessemer with more pig and less scrap be- 
ing used for the production of rails and plates. 

Production program at Shanghai steel mills is re- 
ported to include light rails, structural steel, rail- 
way wheels, Alnico, and rimmed, tool, and high 
manganese steels. While Shanghai has been depend- 
ent until recently on the distant Northeast area for 
most of its pig iron supplies, pig smelted from local 
ore at the nearby Maanshan iron works is now be- 
coming available. Two renovated blast furnaces 
started operation last autumn, and the first pig iron 
was delivered to Shanghai on Oct. 27, 1953. By the 
end of 1953 it was hoped, with the restoration of 
five more blast furnaces at Maanshan, that all of 
Shanghai's needs could be met from this source. 

Hankow has become the hub of the industrial 
area in Central China. The integrated iron and 
steel works, now being renovated and expanded, is 
linked by river and rail with the Pinghsiang coal 
mines and Tayeh ore fields. The Tayeh metallurgi- 
cal plant itself now includes Bessemer converters, 
electric furnaces, and rolling mills. 

In the Southwest, the Chungking steel mills ac- 
counted for most of the rails used in the recently 
completed line from that city to Chengtu and is said 
to be China’s largest producer of rails. Other fac- 
tories there are making rock drills, mining machin- 
ery, steel cables, and machine tools. 


Northwest China 

A new industrial base in the remote Northwest 
area is taking shape in Singkiang province with an 
iron and steel mill and several machinery factories 
already operating in Tihwa. The railway line from 
the China coast has now reached Lanchow, and there 
are grandiose plans for extending it 2000 miles fur- 
ther inland through Yumen to Tihwa, and then on 
to the trans-Siberian line in Soviet Asia. 

Extensive mineral prospecting is being under- 
taken throughout the country. In the Northwest, the 
Reds claim that rich deposits of coal, iron, and cop- 
per ore, as well as zinc, manganese, tungsten, beryl- 
lium, and bismuth have been discovered. Prospect- 
ing in Yunnan, the principal tin mining province, is 
being intensified. Preliminary drilling is reported 
to have begun this year at a large coalfield dis- 
covered in the Pinghsiang area. In the Tayeh iron 
region, proved ore reserves are stated to have been 
greatly extended, and deposits of magnetic iron ore 
and manganese found there. Estimates of coal re- 
serves in the Northeast have been multiplied by ten 
as a result of geological surveys conducted during 
the past few years, and further iron ore deposits 
have been discovered north of Peking. 


Training 
China’s industrial ambitions run far ahead of the 
present supply of skilled personnel, although many 
Chinese have received training in Russia. A group 
of steel workers recently completed a year’s appren- 
ticeship at the Novotagil mills in the Urals, return- 
ing to Anchan, which has become the main training 


124—JOURNAL OF METALS, FEBRUARY 1954 


center for the iron and steel industry. Full time 
courses in engineering established there are expected 
to turn out 35,000 skilled technicians and workers 
during the next five years. In addition, part-time 
courses at the technical university as well as eve- 
ning classes have been established. 

Similar training facilities are being created in 
Chungking where the existing educational system 
is being reorganized with a strong shift in emphasis 
to technical subjects. New schools include those for 
the iron and steel industry, geology, coal mining, 
highway and building construction, and communi- 
cation. In Taiyuan, Peking, Dairen, Port Arthur, 
and other industrial centers, top priority has been 
given to courses in metallurgy, mechanical and civil 
engineering, geology, mining, and communications. 


The Five-Year Plan 


China’s Five-Year Plan, entered upon in 1953, 
calls for reaching industrial levels, which, it is 
claimed, took western countries 30 to 50 years to at- 
tain. The tempo of development will be particularly 
severe in the iron, steel, and nonferrous industries, 
machine-building, coal mining, petroleum, electric 
power, and defense. 

China’s National Day in October 1953 was the 
occasion for a flood of speeches, official communi- 
ques, and special articles in which past accomplish- 
ments and future prospects were reviewed. One 
document, dealing in part with scientific achieve- 
ments, stated that, “notable work has been done in 
research into the production and methods of use of 
nodular graphite cast iron; the experimental manu- 
facture of hard alloys; heat treatment of Alnico; the 
dressing of poor ores of iron and manganese, molyb- 
denum sands, and graphite. . . . Thanks to the sci- 
entists, 64 pct of the tremendous deposits of inferior 
iron ores in the Northeast can now be extracted. 
This is done by introducing a wet dressing method, 
i.e. by mixing fatty acids derived from soy beans 
with soft water, and is found to be even better than 
the more costly method of magnetic dressing.” 


Developments in 1952 


At the same time, the State Statistical Bureau, in 
its survey of developments during 1952, reported, 
“Branches of State owned industry still had many 
defects in their rehabilitation and development: 
Many enterprises had not established perfect pro- 
duction planning, and management systems and 
responsibility systems were not able to carry on 
production systematically in accordance with their 
plans. 

“In the production of some products consideration 
was still not given to the balance between produc- 
tion and distribution, so that some were in short 
supply while others were not kept in stock. The 
potential of production in many enterprises had not 
been fully utilized; their equipment was not fully 
used; the accumulation of stocks of material and 
liquid funds was still common, and business account- 
ing was not sufficiently established among many 
enterprises. 

“The cost of production in some enterprises was 
too high and there was a tendency to neglect quality 
for quantity, the ratio of second-rate and defective 
products was high, and reduction in costs of pro- 
duction and the rise in the quality of the products 
did not keep pace with the increasing demands of 
economic construction.” 
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N any investigation of inclusions in basic electric 

melted steel, the pouring refractories—ladle brick, 
sleeves, nozzles and fireclay mortar—are the most 
fertile sources of inclusion material. It is generally 
assumed that inclusions from these sources are the 
result of mechanical erosion and that a clean ladle 
is one that has no loose or projecting accumulations 
of fireclay patching material or slag which may be 
easily eroded. It is acknowledged that mechanical 
erosion can and does contribute to refractory inclu- 
sion material found in ingots. However, the source 
of such mechanically eroded material has not been 
definitely established. 

Recent studies have shown that in addition to 
simple fusion, spalling, and mechanical erosion of 
the refractories, metal-refractories reactions also 
occur. The products of such reaction are fluid MnO- 
Al.O,-silicates which can contribute serious amounts 
of inclusion material to the steel. McCance,’ Rait’ 
and Post and Luerssen* have stressed particularly 
the important role of manganese or the manganese- 
silicon ratio on the cleanliness of steels. Rait con- 
cluded that for bottom cast acid open hearth steels 
of a constant manganese-silicon ratio, an aluminous 
refractory is less eroded, and thus contributes fewer 
troublesome inclusions than does a more siliceous 
refractory. He concluded that aluminous pouring 
refractories are required for minimizing refractory 
inclusions in steel. Post and Luerssen have likewise 
drawn attention to the highly significant reactions 
between basic electric melted steel and pouring re- 
fractories and consequent large rejections of steel 
caused by inclusions if the manganese-silicon ratio 
is large. Their solution to the problem was to sug- 
gest changes in the steel composition, within metal- 
lurgical limits, to a lower manganese-silicon ratio. 
These authors presumably based all their conclusions 
on observations made when using conventional, sili- 
ceous, bloating-type, pouring refractories. 

In the course of an investigation of inclusions 
occurring in 52100 steel intended for bearing appli- 
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cations, close examination was made of the amount 
and pattern of pouring refractory erosion, various 
scums produced, and characteristic inclusion mate- 
rial. Sufficient data was obtained to question the 
generally held impression of what constitutes a clean 
ladle and the area in the ladle from which inclusion 
material originates. 


Ladle Erosion 


The studies reported in this paper were conducted 
in the period 1944 to 1946 on a double pouring 
arrangement used exclusively for pouring 18-ton 
heats of basic electric melted heats of 52100 steels. 
Fig. 1 represents the double pouring arrangement 
used. The primary ladle is of 18-tons capacity and 
the secondary ladle is of 4-tons capacity. Both ladles 
are lined with conventional, eastern, bloating-type 
ladle brick laid up with an appropriate fireclay 
mortar. Conventional clay-graphite stopper heads 
and clay sleeves and nozzles were used. The black- 
ened portions of the ladle linings indicate the extent 


Table |. Analyses of Ladle and Ingot Scums Obtained by Varying 
Age of Ladle Linings 


Ladle 
Combinations 
Pri- Sec- Analyses in Percent 
mary ond- - — — 
ary MnO CaO MgO FeO 


Secondary Ladle 


New New 5.30 14.71 47.09 3.04 030 561 4.68 
Used New 11.42 12.79 38.85 5.90 080 6092 7.75 
New Used 6.71 10.63 43.04 2411 032 3.31 2.53 
Used Used 5.81 12.58 4485 1745 3.03 411 2.70 
Ingeot 
New New 13.80 9.19 30.42 298 0.37 12.60 12.78 
Used New 12.48 26.08 37.40 5.37 094 721 8.04 
New Used 11.77 16.39 36.60 7.84 0.34 9.65 7.39 
Used Used 11.67 12.80° 35.60 7.18 199 749 6.66 
Used Single 
Ladle 10.32 13.79 38.79 560 0.76 438 4.88 
Glazed Coating Secondary Ladle 
Side- 
walls 10.92 936 46.04 15.48 -- 468 3.54 
Bottom 1.76 760 3466 3741 9.67 O84 O51 
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REFRACTORIES EROSION & SOURCES OF POSSIBLE INCLUSION MATERIAL 


TOTAL 503-715 % 


Fig. 1—Double pouring arrangement used in determining 
the pattern and extent refractory lining erosion. The 
primary and secondary ladies are of 18-ton and 4-ton 
capacity respectively. 


and pattern of wear observed for the linings after 


pouring from 15 to 18 heats. 

From Fig. 1 it can be seen that the lining is worn 
most at three distinct areas: A—At the slag line, 
B—at the offset in the sidewall, and C—at the bottom 
and bottom sidewalls. It was concluded the very 
marked erosion at the slag line was due to the con- 
stant heat size handled by the ladle. For one such 
pouring arrangement the actual amount of refractory 
material consumed was measured by weight loss and 
also calculated from measurements on the lining after 
service. These results are indicated on the left in 
Fig. 1. The values on the amount of brickwork ero- 
sion are respectively that obtained by actual weight 
loss measurements on the ladle and that obtained 
from calculations based on measurements of the 
thickness of the lining after service. From analyses 
and calculations on the changes in composition of 
the tap and ladle slags, it was concluded that most 
of such eroded refractory finds its way into the slag. 


Scums 

While studying ladle erosion and pouring, the 
incidence of a slag or scum on the metal in the 
secondary ladle was observed to form even when 
relatively clean ladles were used in the pouring 
arrangement. A similar scum was also observed at 
times on the top surfaces of the ingots. The amount 
of secondary ladle scum material was usually greater 
than could be attributed to metal oxidation and 
eroded refractory material carried down from the 
primary ladle. On closer study the amount, behavior, 
and composition of this scum appeared to be related 
to the age of the secondary ladle lining (age in terms 
of heats on the lining). For a newly lined ladle a 
small amount of scum is formed. As the age of the 
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ladle lining increased, the amount of scum observed 
increased. For an old ladle lining the amount of 
scum was observed to grow continuously while steel 
was being poured. The occurrence and amount of 
ingot scum also appeared to be related to the age of 
the secondary ladle lining. 

Petrographic analyses showed these scums to be 
essentially glassy and of variable composition. The 
glass composition ranged from that of a contaminated 
alumina-silicate glass, similar to that resulting from 
fusion of the pouring refractories, to a complex com- 
position containing MnO, CaO, FeO, AIl,O, and SiO.. 
Detailed examination showed the contaminated 
alumina-silicate glass with its associated mullite 
and undissolved quartz crystals to be fused pouring 
refractory material. The complex glass composition 
was a fused mixture of furnace slag oxidized metal- 
lics and fluxed fireclay refractory. The alumina- 
silicate glasses were most prominent in scums from 
newly lined ladles and the complex glasses most 
prominent in scums from old ladles. These scums 
had a fusion point which averaged 2275°F. Samples 
of the glazed coating on the surfaces of the secondary 
ladle lining were similar in composition and fusion 
point to the secondary ladle scum. 

Chemical analyses of ladle and ingot scums col- 
lected for different combinations in the age of the 
two ladle linings are shown in Table I. Table II 
shows the progressive change in composition of ingot 
scums when newly lined ladles were used in the 
pouring arrangement of one heat. 

From the above observations the following sources 
were identified as contributing to the observed sec- 
ondary ladle scum: 

A—Spalled or eroded pieces of refractory close to 
and including the nozzle washed down from the 
primary ladle and eroded refractories from the sec- 
ondary ladle which rise to the surface. 

B—Fusion and subsequent erosion of the furnace 
slag coating on the ladle lining from previous heats 
in close proximity to the nozzle well in the primary 
ladle and all such slag and scum coating on the 
secondary ladle lining which melts and rises to the 
surface of the molten steel. This is apparent from 
the increase in CaO and MgO content of the scum as 
the age of the ladle linings increases. 

C—Atmospheric oxidation of the metal stream 
and oxidation of the exposed metal in the secondary 
ladle. This is indicated by the MnO, FeO, and Cr.O, 
of the scums. 

D—Deoxidation products which float out of the 
metal. This is indicated by the presence of significant 
amounts of CaO when newly lined ladles are used. 
Such CaO originates from the CaSi deoxidation of 
the steel in the primary ladle. 

E—Reaction products of the steel with the refrac- 
tories. Essentially and most significantly this in- 
volves the reaction Mn (in steel) + SiO, (in refrac- 
tories) = MnO + Si. The MnO so produced readily 
fluxes the fireclay pouring refractories. The MnO 


Table Il. Progressive Scum Analyses Using New Primary 
and New Secondary Ladle Linings, Pct 


Sample 


Sec. ladle 
Ist ingot 

2nd ingot 
3rd ingot 
4th ingot 
5th ingot 


BESSER 


EROSION ON POURING | 
BRICKWORK FIRECL AY «as 
+ 7 
NOZZLE J 
a7e-46% 065% 
076-114% 076% | 
Top 
y 
bd 
\ 
A 
MnO ALO, S10, CaO MgO FeO 
18.85 612 25.32 114 1094 15.48 
18.72 1392 23.16 064 238 5.67 
14.79 15.00 30.60 113 «5.40 5.67 
1846 1266 38.42 114 482 7.03 
16.38 5.26 42.48 109 «893.89 3.69 
18.07 1149 38.96 175 «3.17 «5.16 
vay 
f r ; 


Table Ill. Tracing Transport of Nonmetallic Material from Ladles During Steel Pouring Using Cobalt Tracer 


Area of Lining Investigated 


Primary Ladle 
Fireclay for nozzle setting 
Direct pour, secondary ladle not used 
Fireclay mortar joints for brick adjacent to nozzle well 
Fireclay patch of eroded brickwork 12 to 15 in. from well 


Secondary Ladle 
Nozzle 
Fireclay for nozzle setting 


Fireclay rim at junction of sidewall and bottom of ladle varying 


from 8 in. to 4 ft from well 
Brickwork adjacent to well 
Fireclay bottom patch, 6 in. from well 


Fireclay bottom patch, 12 in. from well 
Fireclay bottom patch, 18 in. from well 


Cobalt oxide fused into scum coating by means of acetylene torch in 


area 12 in. from well 


Cobalt nitrate solution painted onto glazed scum coating 6 in. from 
nozzle well 

Cobalt nitrate solution painted onto glazed scum coating 12 in. from 
nozzle well 

As above but 14 to 18 in. from nozzle well 


* + indicates positive evidence; 


indicates no evidence; ? indicates 


Secondary Inget 
No. of Tests Ladle Scum* Scum* 


4 + 

2 

4 

3 

1 — + 

3 + - tor 

3 

2 ome +,+ for3of 
5 ingots poured 

4 

2 — + 

2 +,+ on 4th ingot— 
no scum on other 
4 ingots poured 

5 

6 6 J .? 


indefinite evidence of transport. 


content of these scums indicates that this reaction 
does occur. 

Paralleling this, the following sources were iden- 
tified as contributing to the ingot scums: A—Spalled 
and eroded pieces of refractory from the secondary 
ladle washed down by the metal stream, B—fusion 
and erosion of the slag-scum coating close to the 
nozzle well in the secondary ladle. Also, detached 
portions of this material which are caught in the 
metal stream, C—spalled pieces of the hot top, D— 
atmospheric oxidation of the metal stream, and E— 
deoxidation products which float out of the steel in 
the ingot. 

The above observations on scums and their be- 
havior was explained as follows: On pouring steel 
from the primary to the secondary ladle some ero- 
sion of the refractories occurs. This is particularly 
pronounced for the raw fireclay used for setting the 
nozzle and the nozzle itself. In addition, some of 
the slag from previous heats coating the refractories 
close to the nozzle is eroded. This material, together 
with suspended deoxidation products, is transported 
by the stream to the secondary ladle. There much 
of this material rises to the surface of the metal as 
scum. If the secondary ladle has been used previ- 
ously, the slag-scum coating on the refractories with 
a fusion point of some 2275°F becomes molten, de- 
taches from the brickwork and also rises to the sur- 
face. On pouring from the secondary ladle to the 
molds, the transport of material is repeated as 
above. The observed growth in amount of scum 
with the age of the ladles can therefore be inter- 
preted as the additive effect of slag and scum from 
previous heats coating the refractories and becom- 
ing detached when the following heat is poured into 
the ladle. Therefore, although the ladle gives a 
glazed, clean appearance when cold, the glazed 
coating is not permanent at service temperatures. 


Sources of Potential Inclusions 


The composition of the ingot scums from re- 
peated examinations bears a striking similarity to 
the composition of inclusion material found in the 
ingots. Some of the scum material therefore remains 


in the ingot. Also the scum material is transported 
by the pouring stream only from a critical area of 
unknown extent in the ladle close to the nozzle well. 
Knowledge of the extent of this critical area would 
therefore be helpful in any attempts at eliminating 
inclusions of pouring refractories origin. 

To determine the extent of this critical area, a 
tracer technique was used. It was recognized that 
the tracer element must have very distinctive prop- 
erties and, after considering all possible elements, 
cobalt as the oxide or nitrate was selected because 
it was readily available and convenient to use. The 
procedure consisted simply of impregnating the 
area under investigation with the cobalt tracer. 
Ladle and ingot scums obtained on the subsequent 
pour were collected and then analyzed spectroscopi- 
cally for strong indications of the presence of co- 
balt. By treating 4-in. wide circular areas pro- 
gressively further from the nozzle, the extent of the 
critical area as regards potential inclusion material 
was established. Table III summarizes the results 
of these tests. Indications of cobalt in the secondary 
ladle scum were not strong, probably because of the 
frequently large amount of scum present and con- 
sequent dilution of the cobalt tracer. 

The results show that spalled, fused, and eroded 
material within an 18 to 22-in. radius from the 
nozzle is carried along by the pouring stream. 
Tentatively it is concluded the most fruitful in- 
vestigation of inclusions of pouring refractories ori- 
gin is limited to this area of the ladle lining. These 
observations can be used as a guide for any future 
work involving radioactive tracers for investigating 
sources of inclusions from pouring refractories. 
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Regenerator Efficiency and Air Preheat 


In the Open Hearth 


by B. M. Larsen 


A discussion based on three commercial furnace tests and elec- 


trical analogue calculations is presented. It shows that while re- 
generator efficiency is mainly dependent on loading or relative 
amount of heat exchange surface plus the heat transfer coefficients 
as effected by flow velocity, the actual air preheat temperature can 
be high or low, largely independent of regenerator efficiency, 
mainly due to the diluting or unbalancing effects of cold air leak- 


HERE are many signs of a renewal of interest in 
the heat regeneration aspect of the open hearth 
process, among them being the recent paper by 
Marsh,’ the introduction of auxiliary checkers in the 
stacks of the Isley furnace design, and a number of 
recent installations of two-pass checkers in new and 
old furnaces. However, there are also signs of yield- 
ing to the usual temptation of oversimplifying a 
problem. Faced with the job of obtaining better 
draft on a furnace, for example, a good designer 
always recognizes that focusing attention on some 
one factor, such as height of the stack or capacity of 
the exhaust fan, does not make his problem any 
easier; rather he must look at the whole system, in- 
cluding such items as valve resistances, bends in the 
flues, and flow resistance in the waste heat boiler; 
then he must make his design in relation to the 
available draft so as to avoid any serious bottleneck 
in the system. Yet this example is really much 
simpler than the problem of air preheating, and 
again, the latter problem is not really made easier 
by concentrating on air temperature in uptakes and 
on the more obvious methods for making this air as 
hot as possible. Also to be considered are such things 
as the total amount of air needed theoretically for 
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Discussion on this paper, TP 3701C, may be sent, 2 copies, to 
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ing, February 1954. 

Paper presented at Birmingham Regional Technical Meeting, 
American lron and Steel Institute, October 1953. 
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age into various parts of the furnace system. 


complete combustion at any selected fuel rate, to- 
gether with that needed for oxygen absorbed into 
the bath and for burning the combustible gases 
given out from the bath, plus some excess air. 
Furthermore, how does this total air requirement 
relate to the regenerator efficiency at various load- 
ings? How much of the total air equivalent in stack 
gases will come from preheated air passed through 
the whole length of the incoming regenerator and 
how much from air leakage into various zones of the 
whole furnace system? Does the effect of leakage air 
differ depending on whether it leaks into the in- 
going regenerator, the furnace above floor level, the 
outgoing regenerator, or the stack zone? 

Over a number of years we have in this Labora- 
tory experimented with methods for measuring hot 
gas temperatures; we have measured, approxi- 
mately, the efficiency of a few regenerators on com- 
mercial furnaces and we have developed an elec- 
trical analogue’ for calculations of regenerator effi- 
ciency. The whole problem is too complex to cover 
in one paper even with a more complete background 
of data than we possess, but we can attempt here to 
clarify certain aspects in a general way, hoping to 
assist specific plant studies on individual furnaces. 
Some of our earlier experience has been incorpo- 
rated into chaps. 4, 19, 20, and 21 in the book “Basic 
Open Hearth Steelmaking,’ and on the assumption 
that this text is available to most readers, this dis- 
cussion has been shortened by references to that 
book. The most recent design of a flowing-gas ther- 
mocouple which we are now using for measurement 
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NET HEAT WTERCHANGE 


1000 3600 3000 
FLOW LOAD ON REGENERATOR W LB/HR/1000 FT® OF WIRED SURFACE 
Fig. 1—Effect of load rate on net regenerator efficiency (E,) for 
two extreme values of efficiency limit (E, =< 46 and 78 pct). 


of gas and air temperatures in regenerative zones is 
described briefly in the Appendix. 


Some Background on Furnace and Regenerator Design 

Although the open hearth furnace is about eighty 
years old, many furnaces are now being operated 
with regenerators of design and capacity quite in- 
adequate to preheat approximately all of their 
normal air requirements to a desirable temperature 
level. It may be interesting, and perhaps helpful, to 
sketch here some background and some of the rea- 
sons for the existence of this situation in a process 
of such predominant industrial importance. 

The very early furnaces of 20 to 30 tons capacity 
needed checker chambers which, with reasonably 
adequate surface area for heat exchange, were still 
small enough to be located largely underneath the 
melting chamber. This helped to give minimum 
heat losses and air leakage in a blocky design of 
minimum external surface. With furnace capacities 
growing to 40 to 60 tons, the increased size, together 
with certain design and operating factors, favored 
the location of the checker chambers out under the 
charging floor, pointed toward flues and stack, that 
is, about at right angles to the melting chamber. 
This gave more exposed surface for heat loss out 
and for leakage of cold air in, but many operators 
eventually learned how to use insulating and seal- 
ing coatings on all exposed surfaces below floor 
level to keep most of the heat in and the cold air 
out. In this size range, up to perhaps 60 tons, a 
checker of moderate length still suffices to give an 
adequate total perimeter* of heat exchange surface. 

* The perimeter of a checker setting is defined as the total length 

of all brick-to-gas intersection over a given horizontal cross section, 
that is, the sum of lengths of all the sides of all the open flues. 
If the charging floor is also placed at a reasonable 
height above normal maximum ground water levels, 
the checker can be about as deep as it is long, so 
that the distribution of gas and air flows can remain 
fairly uniform over all the flue openings. 

As furnace sizes increased to over 100 tons, the 
needed checker surface would have demanded, for 
the same chamber length, a checker depth so great 
that serious engineering problems of digging deep 
flues and sealing against ground water were in- 
volved. The simple alternative was to lengthen 
these checker settings, until extremes of only 8 to 
10 ft of depth combined with 25 to 30 ft of length 
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were attained in some shops. The gases and air 
could not be expected to flow anywhere near uni- 
formly down all the flue openings over this great 
length of checker setting. This “channeling” of gas 
and air flows will not be discussed here, but it can 
be assumed that it is serious enough so that these 
long single-pass checker chambers do not give the 
increase in efficiency which should result from their 
proportional increase in total heat exchange surface. 
One simple proof of this lies in the fact that at vari- 
ous times operators have blocked off some 8 or 10 
ft of checker openings at the far end of the settings 
with no noticeable decrease, or even a slight in- 
crease, in furnace sharpness. 

As average furnace size increased, many older 
shops obtained a net gain in costs per ton by in- 
creasing the capacity of their smaller, older fur- 
naces. Baths were lengthened or widened or deep- 
ened and fuel input rates increased, and while heat 
times tended to increase, there was a net gain in 
labor and overhead costs. Regenerator and flue 
capacities were harder to increase so, in general, 
they remained about constant, and became less and 
less adequate for the loads placed upon them. Al- 
though precise data are lacking, it is a fairly safe 
guess that in most shops, instead of a gradual gain 
in heat regeneration efficiency with real improve- 
ments obtained by insulation, sealing, checker clean- 
ing, burner and port design, and furnace controls, 
this efficiency has been falling off somewhat over 
the years. The changes have developed gradually, 
it is true, yet it still remains a puzzle as to why the 
relative decrease in regeneration efficiency has not 
been given more attention by the industry as a 
whole. One probable reason lies in the shape of the 
curve of regenerator efficiency with increasing size. 
One form of this is given in Fig. 21-2 in ref. 3 (simi- 
lar to Fig. 6 here) in which increasing depth at con- 
stant perimeter* and constant gas flow is plotted 

* See asterisk footnote in first column. 
against net efficiency for two widely different values 
of drift ratio (or leakage confined to the melting 
chamber parts between regenerative zones**). 


“** The relations between “drift ratio” and leakage in various 
zones of the furnace system are explained in a later section, as well 
as the E, values in Fig. 1. 


Roughly speaking, it can be seen from the curves that 
for any given constant value of cross section and drift 
ratio** the first 8 to 10 ft of checkerwork depth 
gives around 80 pct of the net efficiency that should 
be obtained from a setting around 20 ft deep. Or, 
from another angle, the curves** in Fig. 1 show 
net efficiency against increasing load, that is, in- 
creasing rates of air flow for the same regenerative 
system. As nearly as can be estimated, most of the 
older, enlarged furnaces are operating about in the 
middle of these curves near the range of 2000 to 
3000 on the horizontal scale. Thus, the lowering 
of efficiency with more overloading is not too rapid. 

Furthermore, as will be shown below, by certain 
methods of operation, including excess fuel input 
and wastage of heat into the stack zone coupled 
with air leakage above furnace sill level, inefficient, 
overloaded regenerators can be made to preheat a 
limited amount of air to very high temperatures in 
the uptakes to give a sharp, intense flame. Rela- 
tively more high temperature heat moves down- 
stairs and the downtake, slag pocket, and fantail 
portion of the system take on more of the air heating. 

In brief, as this drift toward inadequate regener- 
ation of heat developed over the years in older fur- 
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naces, there was not a catastrophic loss in steel- 
making rates. There was only a gradual, moderate 
loss of furnace sharpness, with longer heats and 
greater stack losses being countered by savings in 
overhead and labor as well as from waste heat 
boiler recovery, and by the effects of more insula- 
tion and better combustion and control methods. 
However, the relative inefficiency of the larger, 
longer, shallow regenerators was apparently recog- 
nized early by a few people. Dyrrsen‘ suggested the 
idea of a metallic preheater between checkers and 
stack and this idea is paralleled in the stack checkers 
of the present Isley’ furnace. Even earlier, in a book 
by Groume-Grijimailo,* a drawing is shown of a re- 
generator tried by the Pennsylvania Steel Co. of a 
design very nearly the same as the modern two- 
pass regenerator chambers. Yet after all this time 
specific data on the efficiency of various regenerator 
designs are still needed. There seems to be some 
lack of understanding of the many-factored prob- 
lems involved in air preheat and of certain related 
operating difficulties with double-pass regenerators. 


Limitations of the Present Discussion 

The division of the furnace system into: 1—melt- 
ing chamber zone or “working chamber,” 2—re- 
generator zones, and 3—stack zone, as described in 
chap. 21 and Fig. 21-1 of ref. 3, is satisfactory for 
our purpose because it concentrates attention on 
regenerative zones of heat interchange, largely in- 
dependent of the melting chamber, with the latter 
regarded merely as the supply source for heating 
gases. However, certain effects in the melting cham- 
ber do relate to, or affect, the air preheat tempera- 
ture and the regenerator efficiency.t Although some 


t The reason for listing these as two separate factors will perhaps 
become more obvious from the discussion later on. 


of these are not treated adequately in the literature, 
to discuss them properly here would make this 
paper even longer and more cumbersome than it 
already is. So we will ask the reader to take the 
following points, if not on faith, at least as tentative 
assumptions correlative to the later discussion of air 
preheating. 


1—Flame radiation intensity depends not only on 
air preheat temperature, but also on the pattern of 
fuel-air mixing and related port design and, with 
liquid fuels, on burner design and position and 
atomizing agent used. These latter factors, how- 
ever, are essentially separate from the regenerator 
problem. Also, the air temperature is the main fac- 
tor determining flame intensity, as partly substanti- 
ated by the measurements shown in Fig. 2, all made 
on one furnace. Since flame radiation and air pre- 
heat are rapidly varying things, difficult to express 
accurately in integrated or effective mean values, 
the correlation indicated is considered good. 


2—There are many areas of flame zone in the 
open hearth which can hardly be seen at all. The 
main flame zone, from which hot carbon-rich par- 
ticles radiate intensely in the short wave lengths of 
visible light, is easily seen, even against the glare 
from hot and reflecting wall or slag surfaces. But 
any carbon monoxide or hydrogen tailing out away 
from this easily visible flame can, wherever it burns, 
radiate almost no energy except in longer wave 
lengths invisible to the eye. The large volumes of 
carbon monoxide and the small amount of hydrogen 
evolved from the bath give a similar “thin” flame 
which is almost invisible against a bright back- 
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Fig. 2—Correlation between air preheat temperature in uptakes and 
the apparent flame intensity as measured by the output of a radia- 
tion receiver at one wicket hole pointed at the most intense flame 
zone. All values measured on furnace A. 


ground. Unless there is a large excess of air supply 
to the melting chamber, some of this “invisible com- 
bustion” will occur in downtakes and even over top 
checkers, partly by virtue of cold air leakage di- 
rectly into this zone. This effect raises appreciably 
both the “top” or “100 pct” temperature level (Tg,) 
of any selected regenerative zone and its total quan- 
tity of heat supply. 


3—The open hearth process differs from the bes- 
semer in that its main source of oxidation comes 
from ore and limestone. But it is also more like the 
bessemer than is often thought, because it can ob- 
tain a great deal of oxidation from heated air with 
useful effect. Much iron can be burned during melt- 
down of exposed scrap, thereby providing much heat 
and storing liquid oxide in the bath for later re- 
action. The slag can absorb oxygen directly as the 
gases above it have more oxygen available. The gas 
from the carbon monoxide boil requires large quan- 
tities of excess air to burn it. 


4—As air oxidation can be increased and the 
charge and feed ore decreased, the net heat require- 
ment of the bath from external sources can decrease 
by a large percentage, especially as heat can be ab- 
sorbed from burning boil gases over the slag in the 
melting chamber instead of down in the regenera- 
tive zones. Also, in this regenerative system, even 
the excess air,tt which never burns anything, has 


tt Throughout this paper, “theoretical air’ is calculated as that 
required to burn all fuel input plus any carbon monoxide from 
bath, or oxygen absorbed into the bath, insofar as these could be 
measured. This theoretical air is then taken as the 100 pct basis 
(usually in Ib per hr over any given test period) and values for 
“pet excess air” or “‘pet air leakage’ are in reference to the theo- 
retical requirement. Excess air is that present in excess of com- 
bustion requirement, so that a gas weight and composition will 
give it for any sampling point. Air leakage is the total equivalent 
of air present at any sampling point, minus the air input through 
the ingoing regenerator. When given in percentage values, the air 
ene is again referred to the same theoretical air as the 100 pet 

sis. 


more or less of its heat extracted and returned to 
the working chamber, depending on the net regen- 
erative efficiency. Thus in general the furnace proc- 
ess can utilize “extra” air to good effect, in such 
large quantities as would be very bad in boiler or 
reheating furnaces, where the work is inactive to 
the combustion process. This excess of air can come 
either from that ingoing through checkers or from 
direct cold air leakage, and its relation to regenera- 
tor efficiency may become obvious from the ex- 
amples in a later section. 


Some Points of Reference 
The brick surfaces of downtakes, slag pockets, 
and fantails contribute a very appreciable part of 
the total gas cooling and air heating. Measurements 
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show that the air temperature rise in this “upper 
zone” of the whole system of heat interchange or 
regeneration may be anywhere from 200° to 500°F. 
Although the largest part of the air heating is done 
by the regenerator chamber surfaces of checkers, 
rider walls, arches, etc., this last 300°F or more of 
air heating in the “upper zone” is very important to 
the “flame sharpness” and must be kept in mind. 

Therefore, to make any sort of definition or meas- 
urement of regenerator efficiency in a real open 
hearth system, certain boundary conditions must be 
defined. The cold end of the regenerator zone is 
quite definitely separated from the stack zone at the 
air dampers and reversing valves, especially if these 
are reasonably tight, but the hot end of the zone of 
heat interchange shades into the working or com- 
bustion zone in the port ends. However, the top of 
the downtakes can be used as the dividing point, 
with reasonable preciseness. There is some heat 
interchange above this point, and there is also some 
direct radiation flow into the downtakes, which 
means some heat supply which does not come from 
the actual gas flowing through this upper downtake 
zone, but these two effects tend to cancel each other. 

In making a measurement of heat interchange 
efficiency in an actual furnace, there are several 
reasons for omitting the upper zone: 

1—-Outgoing gases are poorly mixed as they enter 
the downtakes and they tend to have somewhat 
variable velocity and temperature. There may be, 
frequently, a variable amount of “tail end combus- 
tion” of carbon monoxide and hydrogen coming 
from the flame or from the boil gases. It is thus very 
difficult to measure mean values of temperature and 
composition and to calculate the rate of heat supply 
which is essential to the fixing of a definite value for 
heat interchange efficiency. 

2—The variable and indetinite pattern of gas and 
air velocities near the wall surfaces of this “upper 
regenerative zone” makes it very difficult to inter- 
pret the process of heat interchange. Mean flow 
rates are apparently not very high, and the amount 
of brick surface is not very large in this zone, which 
would probably result in low efficiency. The fact 
that a very appreciable amount of air heating occurs 
here must be due to the rather large temperature 
differences between brick surface and air and to a 
considerable turbulence in the air stream; there is 
also good heat transfer from combustion gases to 
brick surface due to a large radiation transfer effect. 


3—The opportunity for variable design to im- 
prove efficiency in the checkerwork setting is very 
limited in the design of this upper zone. Its design 
is fixed largely by various problems of engineering 
and brickwork construction plus the limitations of 
available refractories under the high temperature 
and slagging encountered in this zone. In fact, its 
design is always a compromise between conditions 
favorable to effective air heating and the largely 
opposite conditions favorable to outgoing gas flow 
with a minimum of damage to refractories. 

For these reasons, in the tests to be discussed, the 
checker chamber zone of the regenerator system has 
been “isolated” by measuring gas composition and 
air temperatures at: 1—the bridgewall between 
checker chamber and fantail, and 2—the flues just 
below checkerwork or at the exits from the regen- 
erator chamber. The gas stream is usually well 
mixed at both points and the rates of flow of gas and 
air can be rather accurately calculated for points in 
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the checkerwork setting. Thus, from the data on 
heat-transfer coefficients given in Fig. 20-7 of ref. 3, 
the mean values of heat transfer rate in various 
checker zones can be estimated, which helps to in- 
terpret the results obtained. The discussion of these 
heat-transfer curves in chap. 20, ref. 3 shows how 
the radiation factor causes the heat transfer co- 
efficientt for gas-to-brick to vary with both temper- 


t This is the Btu transferred between air or gas and one square 
foot of exposed brick surface, per hour, per degree of temperature 
difference between gas stream and brick surface or between this 
surface and the air stream. 


ature and gas flow velocity, while the coefficient for 
brick-to-air varies only with air flow velocity be- 
cause the air is transparent to radiation and can 
absorb heat only by convection, that is, only by 
actually “wiping” the heat off the hot surfaces. 

Before discussing specific cases it is useful to list 
all the factors which affect the temperature of the 
air stream at any instant as it arrives at a given 
point, such as the burner port or the checker bridge- 
wall, as follows: 


1—General temperature level of the whole fur- 
nace system. 

2—Distribution in the furnace system of the zone, 
or zones, of combustion of fuel and of gases from the 
bath boils. 


3—Rate of fuel input and excess air, that is, the 
loading rate on any given regenerative zone. 


4—Time of period between reversals; also the 
time in the reversal period. 


5—Uniformity of flow distribution of gases and 
air over various cross sections in the regenerative 
zone. 


6—Cleanliness, or freedom from insulating dust 
coatings, of checker surfaces. 


7—Air leakage directly into regenerator zones. 


8—The ratio between heat capacity of ingoing air 
stream and outgoing stream of combustion gases 
plus excess air, determined mainly by the amount 
of air leakage above door sill level, that is, between 
regenerator zones. 


9—Relative size and design of the regenerator 
zone. 


The first factor, or the general temperature level 
of the whole furnace system, expresses the fact that 
the “spillover” temperature level of gases leaving 
the working chamber is not constant, even if the 
second factor is held constant, that is, the combus- 
tion zone is kept short and in the same relative posi- 
tion. This “critical temperature level’” averages out 
to somewhere around 2800°F or higher over the 
whole heat cycle, but it varies considerably with the 
stage of the heat, the rate of fuel input, and espe- 
cially with the rate at which charged scrap or bath is 
absorbing heat. The resulting effect on air preheat 
in uptakes may sometimes be quite confusing. For 
example, consider one of those periods in which the 
bath “goes dead” or gets covered with a foamy or 
very heavy lime-lump-filled slag. Heat flow rate 
into the bath drops off quickly to a few percent of 
normal, the chamber heats up rapidly, and combus- 
tion gases enter regenerator zones at a temperature 
level perhaps 200°F higher than before. On one or 
more reversal periods the resulting preheat air tem- 
perature may be very high, at a time when the fur- 
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nace is “working” very poorly, leading to a possible 
absurd interpretation if the variable factor involved 
is not recognized. Again, a furnace using only coke- 
oven-gas fuel with a flame of low radiation inten- 
sity would tend to give a higher spillover tempera- 
ture leading to a higher air preheat for given regen- 
erative zone conditions. 

The second factor is related to the first, in that 
with a long flame plus heavy bath boils the combus- 
tion zone may extend down into the regenerative 
zone. Spillover gas temperature will be higher, but 
there will also be an extra heat supply, just as 
though some auxiliary fuel was injected into the 
slag pocket or over the checkers, and air preheat 
temperature may rise, at the expense of heat not 
effectively used in the working chamber. If such a 
condition is intense for only a short period, there 
may result an extra high “skin temperature” on 
brick surfaces in slag pocket and fantail (not soaked 
in very far into the brick), and the following rever- 
sal period might show an extra high air preheat just 
after reversal which would drop off more rapidly 
during the air period. 

Factor No. 3 is a matter of loading rate of heating 
and cooling gases relative to a given regenerator 
size or capacity. It was alluded to previously in 
connection with the curves of Fig. 1 and it will be 
discussed again below. The insulating effect of dust 
on checker surfaces in factor No. 6 is recognized in 
most shops, but it is still another variable to be 
remembered. Factor Nos. 7, 8, and 9 will, it is hoped, 
become clarified during the discussion on the mea- 
surement of heat interchange efficiency in specific 
furnaces. 

The general point to be made here is that the 
mere measurement of air preheat temperature in 
uptakes does not furnish a simple measuring stick 
for all the thermal problems of an open hearth. It 
may serve as one useful aid in such diagnoses but 
useful results will not be favored by oversimplify- 
ing the problem, ignoring some of the many factors 
involved. The curves given in Fig. 3 represent air 
temperatures in one uptake at sill level on only one 
end during most of the air periods of one heat fol- 
lowing finish charge on a fairly sharp modern 220 
ton furnace. The variable mean temperature and 
variable rate of drop-off of air temperature illus- 
trate the general effect of some of the above factors 
even in a single furnace, although there is encour- 
agement in the greater regularity during the finish- 
ing period. Granting that such measurements have 
at least some limited usefulness in operations con- 
trol, it is even more important to try to understand 
some of the underlying factors involved between 
regenerator design, heat interchange efficiency, and 
control and operating practice. 

Before coming to specific regenerator efficiency 
measurements, a few of the main design factors in- 
volved in the heat interchange efficiency of a regen- 
erator for a given rate of loading will be reviewed. 
In actual furnace practice, the optimum reversal 
period is essentially limited between 7 and 15 min 
per half cycle. For all commercial fire-clay brick 
materials, the useful thickness for effective in-and- 
out heat flow in such time periods is between about 
% and 1.0 in. behind the gas-to-brick surface, as 
illustrated by the curves of Fig. 20-8, in chap. 20 of 
ref. 3. Since practical, stable checker settings seem 
to require brick between 2 and 3 in. thick (with 
brick layer wiped on both sides by gas flow) this 
means that behind each square foot of brick surface 
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Fig. 3—Air preheat temperature in uptake at sill level on one end 
of one furnace, over most of the air periods on one heat from 
finish charge to tap. 


swept over by gas and air streams, there is always 
enough thickness or mass of refractory to absorb 
and give out all the heat that can be interchanged in 
these half cycle periods. And this in turn means 
that the total effective exposed area of brick surface 
in the regenerators at each furnace end is the main 
fundamental factor involved in regenerator effi- 
ciency. To utilize this surface with full effectiveness, 
the gas and air streams must flow at somewhere 
near a uniform rate over all this surface, that is, ap- 
proximately uniformly over the whole checker cross 
section. In order to get both maximum “wiped sur- 
face” and maximum weight of brick, or maximum 
heat storage capacity, most checker settings are now 
made with simple solid flues so that the perimeter* 

* See asterisk footnote, p. 130. a 
multiplied by the depth of checkerwork gives the 
exposed surface, except for a small percentage in- 
crease from rider wall and arch surfaces (omit- 
ting the “upper regenerative zone” surfaces in fan- 
tails, slag pockets, etc.). 

The only other important factor is the coefficient 
of heat transfer, which, as shown by the curves of 
Fig. 20-7 in ref. 3, depends essentially on the rates 
of gas and air flow. For any given effective surface 
area in checkerwork, the only way to increase heat 
transfer is to arrange this surface more in series and 
less in parallel, so that the gas or air streams flow 
over the same surface area in the same time but at a 
faster flow rate so that more effective heat transfer 
is obtained from each square foot of brick surface. 
Normally, in actual design this can be done only by 
deepening the chambers, that is, by increasing the 
height of the charging floor above the base of the 
underground flues. If such deepening of the checker 
setting is not practicable, about the only way to ob- 
tain this effect is to use the two-pass design, as in- 
dicated by the diagrams of Fig. 4. In these diagrams, 
the two-pass chamber is shown about enough longer 
to accommodate the blind pass. If chamber length 
must remain unchanged with the two-pass setting, 
the blind pass uses up much more chamber length 
than it adds in surface area. The cold pass only ac- 
cumulates a fine, powdery dust deposit which is 
easily blown off and it is therefore practicable to use 
thinner brick with smaller flues to give a larger 
surface area in a relatively smaller cold pass, as is 
indicated in Fig 4. In this way, a given length of 
chamber can be changed to the two-pass design, re- 
taining somewhere near the same effective surface 
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Fig. 4b—Approximate layout of typical double-pass regenerator 
chamber. 


area. The flow rates increase to somewhat above 
twice the values in the single-pass design, giving a 
large increase in coefficients of heat transfer. At the 
same time, the two-pass design favors greater uni- 
formity of flow distribution over the cross section in 
each pass. 


Heat Interchange Efficiency Studies on Commercial 
Furnaces 


Data obtained for three commercial regenerators 
that will be described illustrate many of the vari- 
able conditions that have been discussed. In all 
cases, the measurements were made under condi- 
tions approaching as close to steady state as was 
possible under commercial operations. Most of the 
measurements were made during refining, with the 
bath on a steady boil with no additions to the bath. 
For a few reversal periods, the furnace would be 
undisturbed, no doors opened, no changes in control 
settings, etc. The fuel input rates were measured 
carefully by recently checked meters, and the rate 
of carbon drop in a known weight of bath was mea- 
sured accurately. The fuel analysis was checked. 
From these data the weight of carbon in the out- 
going gases per unit of time could be calculated. The 
rate of atomizing steam or air input was measured 
and with the known air humidity, the rate of input 
of hydrogen plus water vapor was calculable. The 
outgoing gases in flues at checker exits were anal- 
yzed for oxygen and carbon dioxide content by 
Orsat meters (in some cases also at the checker 
bridgewall), with checks at different points in the 
flue or flues for uniformity. These data made it 
possible to calculate the true analysis of the gas 
stream, including water content, and to calculate its 
total equivalent air content. 

In the natural draft furnace (A) the air input 
rate was measured by a special metertt and in the 


tt A Thomas meter was installed over one air inlet. 


two forced-air furnaces (B and C) the orifice plates 
for measurement of air input rate were checked. 
Thus the input rates of air were known with reason- 
able accuracy and by difference from the total air 
equivalent in outgoing gases the total air leakage to 
the system was known. The distribution of this 
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leakage presented a problem, which is discussed be- 
low for each case. 

Temperatures of both gas and air streams were 
accurately measured by flowing-gas thermocouples 
(see Appendix) at both checker bridgewall and 
checker exit points over the whole reversal cycle 
involved, so that mean gas anc air temperatures 
could be calculated. A convenient “dodge” in plot- 
ting or in certain efficiency calculations was resorted 
to by setting the mean gas temperature at bridge- 
wall as 100 and mean air temperature below 
checkers as zero, other temperatures becoming per- 
centages of this range. 


A Natural-Draft Furnace with Overloaded Single- 
Pass Regenerators: This old furnace, no longer in 
service, was designed for 30 to 35 ton heats, and, 
over the years, had been enlarged to make heats of 
around 55 tons. The practice described represents 
extreme conditions, not found normally in modern 
open hearth furnaces, but of value for purposes of 
comparison in this paper. The checkerwork depth of 
8.3 ft above rider walls was probably about the 
same as in the original furnace. In the test period 
the results indicated that the load rate on ingoing 
air was 2860 lb per hr per 1000 sq ft of effective 
checker chamber surface, a very heavy loading, as 
may be seen by comparison in Table I. The values 
in Table II indicate the flow rates in the test period, 
with the total theoretical air required for combus- 
tion (of the oil input of 170 gal per hr or 1385 lb per 
hr plus the carbon monoxide rate of 315 lb per hr; 
total, 1700 lb per hr) being taken as 100 pct in the 
percentage figures of the second column. 

Before discussing this high excess air operation, 
the main test results will be completed, Table III; 
remembering that the checkers and rider arches are 
being “isolated” in this case, excluding even the 
rider walls and flues near the checkers, tempera- 
tures being measured just over the checkerwork 
and just beneath the rider arch supports. 

Perhaps some evidence should be given of the 
consistency of the results in view of the obvious 
difficulties in a test of this sort on a commercial 
operating furnace. If steady state was approached, 
the amount of heat absorbed by the ingoing air 
should be just a very little less than that given up by 
the gases, considering that the checker chamber walls 
were very tight and well insulated so that external 
heat loss was very low in this particular zone of the 


Table |. Partial Comparative Data on Regenerator Tests in Three 
Commercial Open Hearths 


Size of heat, tons 
Regenerator type 


Exposed regenerator surface, one 
end, sq ft 


Combustion gas flow, lb per hr 
Preheated air ingoing, lb per hr 
Total theoretical air for combus- 
tion, Ib per hr 
Total air leakage between regen- 
erators, pct of theoretical 
Combustion gs temperature, flue 
exit, Tg:, 
Net regenerative efficiency, Ex, pct 32.4 


‘a 
Efficiency limit, Ex x 106,pet 45.1 


9 
Alr load rate on heating surfz ce, 
Ib per hr per 1000 sq ft 2,860 
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Furnace 
A B c 
7 Single Double Single 
ft pass pass pass 
50,000 39,700 
61,870 71,820 
— 17.4 82.4 
64.5 (35.0)? 
732 44.1 
1,100 1,800 


Table Ii. Flow Rates in the Test Period, Furnace A 


Flew Pct Based on 
Rate, Theoretical 
Lb per Hr Air = 100 
Total combustion gases into checker, Wg 41,600 
Fuel oil plus carbon monoxide from bath 1,700 
Total air (equivalent in combustion gases) 39,900 173.6 
Preheated air ingoing through checker, Wa 20,100 87.5 
Total air leakage between regenerators 19,800 86.1 
Total air 39,900 173.6 
Total theoretical air for combustion 23,000 100.0 
Excess air entering outgoing checker 16,900 73.6 


furnace system. The mean heat capacities of the 
gases and air over the temperature ranges above 
are as follows: 


Sg (1770°—2370°F) = 0.305 Btu per lb per ‘F. 
Sa ( 380°—1840°F) = 0.263 Btu per lb per °F. 
Heat absorbed from gases will be Cg (Tg.—Tg,) = 

(Wg) (Sg) (Tg.—Tg,) 

= (41,600) (0.305) (2370°—1770°) = 
7.61x10° Btu per hr. 

Heat absorbed by the air; Ca(Ta,—Ta,) - 
(Wa) (Sa) (Ta,—Ta,) 

- (20,100) (0.263) (1840°—380°) = 
7.72x10° Btu per hr. 
This agreement is as good as would be expected; the 


error may be either in the measurements or in a 
small departure from steady state. 


In calculating the net efficiency of any given por- . 


tion of the whole regenerature zone such as is under 

test here, the Ta, temperature (of the air entering 

the test zone) is taken as sea-level or 0 pct level and 
the net efficiency is simply 

_ Btu per hr carried by air stream from zone 

Btu per hr carried by gases into this zone, 

toward furnace, above Ta, 


also above Ta, 


(Wa) (Sa) (Ta, — Ta,) X 100 
(Wg) (Sg) (Tg. — Ta,) 
(20,100) (0.263) (1840°—380°) x 100 
(41,600) (0.288) (2370°—380°) 


As discussed in ref. 3 (chap. 21, p. 843), in order to 
have a logical concept of regenerator efficiency, con- 
sideration must be given to the limiting efficiency 
(E,), or the net efficiency that would be obtained 
from a perfect regenerator under the same flow 
conditions. Such a regenerator could obviously do 
no more than heat the air stream up to the Tg, tem- 
perature so that in this case, 


(Wa) (Sa) (Tg.— Ta,) x 100 
Ca (20,100) (0.269) (100) 


or, E, = 


= 32.4 pet. 


E, = 


— x 100 = = 45.1 x 
Cc (41,600) (0.288) pet 
and the absolute efficiency 
100 x 32.4 
= 71.8 pet 
E, 45.1 


or the efficiency relative to the performance of a 
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perfect heat interchanger under the existing flow 
conditions. 

The flow rate data listed above show that only 
87.5 pet of the theoretical air requirements was ac- 
tually passed through the regenerator ingoing to be 
preheated. In the other half cycle, an almost equal 
amount (or 86.1 pct) of air leaked into the furnace 
somewhere between the two checker bridgewalls, so 
that an abundance of total air was available for the 
burning, leaving an excess of 73.6 pct still present 
when the gases reached the top checker brick out- 
going. This degree of unbalance between the two 
heat capacity flows (Ca/Cg), to which the term 
“drift ratio” has been given, is what is also ex- 
pressed (simply multiplied by 100) by the above 
E, value of 45.1 pct. 

Although the total air leakage (86.1 pct) in this 
furnace is known, the distribution of this leakage is 
not so easily found. It is very important, however, 
to know whether the air leak is into the melting 
chamber zone above sill level or into the upper re- 
generator zones between top of downtakes and the 
top checker courses. In both cases, the volume of 
gas flow in checkers is increased, but in the latter 
case, its temperature is also lowered. In furnace A, 
although the leakage distribution could not be 
measured directly, from various observations it was 
known that it was very largely confined to the melt- 
ing chamber and the end zones above the sill level. 
Because of the relatively heavy outgoing gas flow, 
under this rather heavy fuel input plus a low drift 
ratio, the furnace ends, slag pockets, end top check- 
ers ran very hot, with top checkers often up to 
2500°F. Silica brick was used, even in chamber 
arches, and the high temperature and fluxing con- 
ditions almost insured a tight sealing together of 
the brick near their inner surface. Some cracks 
would of course open up, but the operators were 
especially careful in watching for, and sealing any 
such cracks below floor level, being helped by the 
fact that the furnaces were small and easily ac- 
cessible downstairs. 

The draft control level, however, was normally 
at zero or atmospheric pressure at the roof crown 
level so that there was a positive suction inward at 
all lower levels and air leakage was continuous 
through all openings in and around all doors. There 
was also some leakage in ends (around burners, 
etc.) but most of this was also above the top of the 
downtakes. The important point here is that most 
of this large air leakage became well heated before 
it entered the outgoing regenerative zone. The re- 
sult was that, although the checker surface was 
heavily burdened in both halves of reversal cycle, 
yet, with a drift ratio (Ca/Cg) of 0.451, it was fed 
with a heating-up supply in gases outgoing of more 
than twice the heat absorbing capacity of the air 
ingoing, so the resulting air stream to the ingoing 
port could be made very hot even by such an inade- 
quate regenerator. Of course, the large air leakage 


Table Ill. Temperature of Gases, Furnace A 


Mean 
Range Over Tempera- 
yele, °F ture, °F 
Temperature of gases entering, Tg: 2400-2 2370 
Temperature of gases leaving, Tg: 1810-1700 1770 
Temperature of air entering, Ta, 320-480 380 
Temperature of air leaving, Taz 1800-1920 1840 
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Fig. 5—Diagram of temperature measurements on furnace A. 
Total depth equals checkers plus rider arches equals 9 ft. 
Temperature range, (T,, — T,,). Cross-hatched band, T,: 
temperatures of brick surface over reversal cycle. Solid bars: 
ranges as directly measured for T,,, T,., T,,, and T,,. Cross- 
hatched bars: ranges for T,, and T,, as calculated on electri- 
cal analogue. 


also robbed a large amount of useful high tempera- 
ture heat from the melting chamber and carried 
much of it out to the waste-heat boilers (gases im- 
mediately below checkerwork were at 1770°F, and 
in flues usually around 1500°F or above). This 
condition will be referred to again below. 

In this test, a few thermocouples were placed at 
various levels in the checker setting, so the tem- 
perature swings of the brick surfaces were meas- 
ured fairly accurately. The shaded band in Fig. 5 
shows the range of brick surface temperatures over 
the swings of, in this case, a reversal cycle of 30 
min, or reversal every 15 min. The abscissae are 
in percentage of checkerwork depth with the zero 
level at left being on top of rider walls, so move- 
ment through the checkerwork is from left to right 
(clay brick, 2% in. thick, solid flue setting). The 
ordinate scale is in percentage of the actual tem- 
perature range of the test zone involved, that is, 
zero represents 380°F or Ta, and 100 represents 
2370°F, or Tg,. The gas flow downward is from 
right to left and the air flow upward is from left to 
right. The gas and air temperatures were not meas- 
ured at intermediate depths but the solid block bars 
in the figure represent the range of variation just 
above and below the checkerwork, marked as Tqg,, 
Ta,, etc. 


Calculations Based on the Test of Furnace A: The 
mathematics involved in rigorous calculations of 
steady state and efficiency of heat interchange in 
regenerators is so Gomplex*’ as to be almost un- 
workable except by machine methods. At the time 
of this test, however, we had in the laboratory an 
electrical analogue of the regenerator’ which could 
be used as a calculating machine to determine re- 
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sults quickly with variable values of loading, 
checker depth, drift ratio, etc. We first set up the 
same conditions of flow rate, surface area, etc., as 
existed at the time of the above test on furnace A, 
using the heat transfer coefficients of Fig. 20-7 in 
ref. 3. This gave the ranges of outgoing gas (Tg,) 
and preheated air (Ta,) temperatures (in percent- 
age of the Tg,—Ta, temperature range) shown by 
the cross-hatched bars in Fig. 5; the agreement to 
within 2 to 3 pct gave assurance that practically use- 
ful curves could be obtained for the effects of dif- 
ferent variables. The load curves of Fig. 1 show the 
effect, so calculated, of varying load (that is, of 
varying the air flow rate with gas flow in propor- 
tion to give a certain E,), with checker depth and 
surface area held constant. The lower curve is for 
E, (that is, drift ratio or Ca/Cg xX 100) held at 46 
pet as in the above test. The value of 2860 lb air 
per hr per 1000 sq ft of surface on abscissae and 
32.5 pct efficiency represents the furnace A test 
conditions which gave the net efficiency value of 
32.4 pet by direct measurement. The upper curve 
for E, at 78 pct represents about the results to be 
expected in an “ideal furnace,” that is, one in which 
excess air is very small and with practically no cold 
air allowed to leak in at any point in the whole fur- 
nace system. This curve indicates that on fuels not 
preheated, such as oil, tar, natural gas, etc., the 
maximum possible net regenerator efficiency is 
around 70 pct. 

Fig. 6 gives curves of net efficiency (E,) for 
variable checker depth and various E, values, but 
with the heavy load conditions of furnace A, which 
are probably characteristic of many of our present 
older furnaces. By dividing the ordinates by the 
corresponding E, values, E, is obtained, which is a 
measure of relative air preheat temperature. It will 
be noticed that as the drift ratio, or E,, decreases, 
E, increases for the same size or depth of checker- 
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Fig. 6—Net regenerator efficiency (E,) for increasing checker- 
work depth (at constant perimeter) for several values of E,. 
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work, a reflection of the conditions which produced 
a high air preheat temperature in furnace A with 
a heavily overloaded regenerator system. A cor- 
rolary which requires no additional curves, is that 
if the excess air and cold air leakage above had 
been directly into the regenerative zones instead 
of into the furnace above sill level, the dilution ef- 
fect on temperature levels would have lowered both 
preheat temperatures and heat interchange effi- 
ciencies. 

The reader may well be confused at this point by 
the many factors involved in regenerator efficiency 
and we should perhaps turn to a few direct practi- 
cal considerations. This same furnace A gave the 
air preheat temperatures in uptakes at sill level and 
flame intensity levels plotted in Fig. 2. The range 
for both abscissae and ordinates is at a high level 
such as has been observed in only a very few mod- 
ern furnaces, with relatively large and efficient re- 
generators and much less overloading with respect 
to charge and fuel input rates. It strongly indicates 
how air preheat temperatures measured in uptakes 
have no necessary relation to adequacy of regen- 
erator size and design, and that high flame intensi- 
ties should be obtainable in almost any commercial 
open hearth if properly managed. Also, it shows 
that such a result, if regenerators are too small, too 
inefficient, or too heavily loaded, is obtained at the 
cost of excess fuel, partly wasted in the form of an 
excessive volume and temperature in the combus- 
tion gases flowing to stack or waste heat boilers. 

Thus, the reader may very logically be wonder- 
ing how this extreme practice condition of furnace 
A developed, and how well it worked in terms of 
production rate and rebuild costs. This sort of thing 
cannot be answered in specific terms, with the con- 
fusion of factors involved in furnace output and re- 
fractories life. In general, this practice probably 
gave the best results obtainable with existing hand- 
icaps. Charge-to-tap time on all-cold charges using 
the worst kind of miscellaneous scrap involving 
rarely less than 5 hr for charging time was usually 
10 to 11 hr, but frequently between 8.5 and 9.5 hr. 
Rebuild and refractory costs were about normal, 
except that checker brick had to be largely replaced 
on each rebuild because of high temperatures and 
excessive fluxes from miscellaneous scrap. Fuel 
consumption, because of a relatively high output 
rate, was not excessive for cold charge practice, at 
4.5 to 5.0 million Btu per ton, and naturally a very 
high waste heat steam output was obtainable with 
efficient waste heat boilers. 

The practice described really developed as an 
“adaptation to environment” over years of trial and 
error. The natural draft was not adequate to supply 
more air ingoing through checkers, and the checkers 
were inadequate to heat even this much air with- 
out the low E, value. This may be illustrated, some- 
what diagrammatically, by curves of Fig. 7. Al- 
though based indirectly on some quantitative data, 
these two diagrams represent only in a relative way 
what would happen throughout the whole length of 
a heavily loaded regenerative system (like the one 
above) operated with a high leakage above sill level 
and a low drift ratio (diagram A), if draft pressures 
were then changed (diagram B) so that the leakage 
above sill level was reduced to a minimum at 
around 10 to 15 pct, thus raising the drift ratio 
(Ca/Cq) from around 0.45 to 0.50 to around 0.65 to 
0.72. It is assumed that for both cases the cold air 
leakage directly into regenerative zones is kept to 
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Fig. 7—Approximate temperature distribution over total regenera- 
tive zone for two values of drift ratio and air leakage above sill 
level. 


the absolute practicable minimum. The effect here 
with the increased drift ratio in B is to markedly 
lower the temperature of combustion gases to the 
stack zone. This means that with these gases re- 
duced in both volume and temperature the net 
efficiency of heat interchange, E,, is markedly in- 
creased in case B. However, the level of air preheat 
temperature in uptakes is also definitely decreased, 
and in spite of an increased thermodynamic or static 
efficiency of the whole system, the flame intensity 
would drop and the furnace would slow down. It 
will be noted (in diagram A) that with the low drift 
ratio, the heat “soaks back” into the regenerative 
zone, giving a flatter gradient and higher tempera- 
ture levels in the upper regenerative zone and top 
checkers. With the high drift ratio (diagram B) the 
whole range of brick surface temperature drops and 
the gradient becomes steeper so that top checkers 
are much cooler; also, the air preheat not only drops 
but becomes somewhat more variable during a re- 
versal period. 

In some remarks, above, we asked the reader to 
take on faith, at least tentatively, the idea that an 
open hearth can make good use of a large amount of 
excess air, partly to accentuate air oxidation in bath 
reactions. Perhaps the most significant aspect of 
furnace A practice is that even with as much as 70 
pct excess air above fuel and bath requirements, the 
furnace performance was on the whole quite good, 
with some fuel wastage held to a reasonable amount 
by furnace speed. While not inherently desirable 
(it would have been much better to provide ade- 
quate regenerators for these furnaces) this practice 
indicates that excess air can be used with much 
greater freedom in the open hearth than some oper- 
ators and fuel engineers have thought permissible. 
This has an important bearing on the operating 
problems with a more efficient double-pass checker 
furnace (such as is discussed in the following sec- 
tion) where the hot-pass checkers tend to run at 
excessively high temperatures. 


A Furnace with Highly Efficient Double-Pass 
Checkers: This is a modern furnace adequately de- 
signed for about 240 tons, and operated at about 
260 tons capacity. The double-pass regenerator de- 
sign follows roughly the lower diagram in Fig. 4, 
with extra chamber length sufficient to accommo- 
date the blind pass and about 14 ft or more of actual 
checkerwork depth above supporting arches in both 
passes. To give one actual checker test period as an 
example, it can be seen in Table I that the furnace B 
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Table IV. Flow Rates in Test on Furnace 8 


Flew Pet Based on 
te, Theoretical 
Lb per Hr Alr 


Total combustion gases into checker, Wg 78,960 
Oil input plus CO from bath 5,010 
Atomizing steam 1,800 
Total air (equivalent in combustion gases) 72,150 123.0 
Preheated air ingoing through checker, Wa 61,810 105.6 
Total air leakage between regenerators 10,280 17.4 
Total air 72,150 123.0 
Total theoretical air for combustion 58,600 100.0 


Excess air entering outgoing checker 13,550 23.0 


regenerator was much more lightly loaded than the 
regenerator in furnace A. Total heat interchange 
surface, in regenerator chamber only, at each fur- 
nace end was 56,000 sq ft as compared to the 7000 
sq ft in the smaller furnace A, a difference of 8 to 1 
as compared to about a 4.5 to 1 difference in size of 
heat. The fuel input rate could also be relatively 
smaller in this efficient furnace so that in this one 
test period the 5920 lb waste gases per hour per 
1000 sq ft of surface for furnace A is reduced to 1410 
Ib per hr per 1000 sq ft in furnace B, and on air 
flow the 2860 lb per hr per 1000 sq ft is reduced to 
1100 lb per hr per 1000 sq ft. On the load curves of 
Fig. 1, this air load rate falls within the relatively 
flat region approaching zero flow,{ so that on this 

* These load curves are really an approximation. The load rates 
in Fig. 1 should be based on total heat capacities, rather than total 


weights, of air or gases, per unit time. However, taking air load 
rate alone, the two are very neavly proportional. 


factor alone, the efficiency of the caimnaeion of 
furnace B would be expected to approach a much 
higher level. 

Flow rates in this test on furnace B during a re- 
fining period with only a low rate of carbon drop, 
excess air demand above that required for the fuel 
input of 550 gal oil per hour being small, are given 
in Table IV. 

In this test, Tg, and Ta, were measured at the flue 
just outside the chamber, instead of directly beneath 
the checkerwork as in furnace A. This accounts for 
the lower Ta, temperature in the values in Table V. 

As another means of checking consistency, two 
values can be calculated for net efficiency, 1—Ez,, 
the efficiency of removing heat from the gases, and 
2—-E,,, the efficiency in storing heat in the air: 


E, Sg (Tg.—T9,) x 100 
(Tg.—Ta,) 
0.311 (2550°—1110°) x 100 
0.290 (2550°—210°) 


(The weight of gases cancels out, Sg must be ad- 
justed for the temperature range.) 


(Wa) (Sa) (Ta,—Ta,) x 100 se 

(Wg) (Sg) (To—Ta,) 
(61,870) (0.267) (2240°—210°) x 100 
(78,960) (0.290) (2550°—210°) 


= 66.0 pet. 


= 63.0 pet. 


At steady state, and with negligible heat loss, these 
two values should check, so the errors in this case 
are reasonably small. The net efficiency here is 
twice that of the 32.4 pct for furnace A. This large 
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difference is partly due to the lower load rate, and to 
the much higher coefficient of heat transfer from 
brick surface to air due to the higher flow rates in 
the double-pass design. However, it also depends 
largely on the much higher drift ratio due to the 
low air leakage value of 17.4 pct total between re- 

generators: 
E, = Ca (Wa) (Sa) (Tg,—Ta,) X 100 _ 

Cg (Wg) (Sg) (Tg.—Ta,) 

(61,870) (0.271) x 100 


(78,960) (0.290) 


= 73.2 pet. 


From the load-efficiency curves of Fig. 1, it is pos- 
sible to interpolate approximately for this case. At 
the air load rate of 1070 lb per hr per 1000 sq ft and 
interpolating for E, = 73 pct, an E, value of around 
65 to 67 pct would be obtained, which is in good 
agreement with the above values of 63.0 and 66.0 
pet. This indicates that Fig. 1 is a good approximation 
for regenerators in which, 1—roughly all the heat 
interchange surface is actually swept by both gas 
and air streams, and, perhaps, 2—there is a mini- 
mum of air leakage directly into the regenerator 
zones involved. 

Furnace B had a minimum of air leakage below 
floor level, similar to furnace A. Its draft pressure 
at the main roof (+0.07 to 0.09 in. water), however, 
was such that most door frames and peepholes were 
blowing out and there was much less leakage above 
floor level than in furnace A. Instead of the 87.5 pct 
of theoretical air in furnace A, 105.6 pct of theoreti- 
cal air was passed through the regenerator ingoing 
in the more efficient furnace B. The resulting drift 
ratio of 73.2 pet compared to the 45.1 pct of furnace 
A is the essential difference between these two fur- 
nace control practices. The absolute efficiency, 


64.5 
73.2 


E,= = 88 pet, 


is much above the 71.8 pct for furnace A, corre- 
sponding to the respective 2240° and 1840°F for air 
preheat at the bridgewall. 

Air preheat temperatures in uptakes were about 
the same in both A and B practices, however, 
(around 2300° to 2400°F or sometimes higher) sim- 
ply because in furnace B with the longer, more effi- 
cient regenerative zone, the “upper zone” was a 
smaller proportion of the total heat interchange 
effect. That is, the air temperature rose around 
200°F from bridgewall to uptakes in furnace B, but 
around 500°F in furnace A in the same zone. On the 
other hand, the more heavily burdened checkers in 
furnace A had to have a larger difference in tem- 
perature between top checker brick surfaces and 
the air passing over them, so they would sometimes 
get about as hot as those in the hot pass of furnace 


Table V. Temperature of Gases 


ture, °F 


Temperature of gases entering regenerator chamber, Tg: 2550 
Temperature of gases leaving regenerator chamber, To. 1110 
Temperature of air entering regenerator chamber, Ta 210 
Tempera‘ure of air leaving regenerator chamber, Ta: 2240 
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Mean 
Tempere- 
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Pet 
Flow on 
Rate, Theoret- 
Lb per Hr feal Alr 
Total combustion gases into checker, 

Wg 58,420 
Oil input plus CO from bath 3,240 
Atomizing steam 1,900 
Total air (equivalent in combustion 

gases) 53,280 136.0 
Preheated air ingoing through checker, 

Wa 50,400 128.6 
Total air leakage between regenerators 2,880 74 
Total air 53,280 136.0 
Total theoretical air for combustion 39,170 100.0 
Excess air entering outgoing checker 14,110 36.0 
Temperature of gases entering regen- 

erator, Tgs 2550°F 
Temperature of gases leaving regen- 

erator, Tg: 1100 


Temperature of air entering regenerator, 


Ta; 
Temperature of air leaving regenerator, 
Tae 2120 


B. Nevertheless, it can be seen that this hot pass 
could get overheated much more easily. The top 
checkers in furnace A got hot only because of the 
low E, value and could easily be cooled by decreas- 
ing air leakage above sill level. In furnace B, the 
top checkers can only be kept from overheating{{ 


** That is, assuming that one does not wish to resort to the rather 
ridiculous alternative of wall openings for intentional air leakage 
placed somewhere in the upper regenerative zone. 


by, 1—keeping the leakage above sill level to a min- 
imum, and then if necessary, by 2—decreasing fuel 
input, and by 3— increasing the amount of excess air 
ingoing so that cooling effect on checkers is still 
further increased relative to heating effect on the 
other half of the reversal cycle. 

For example, in one other test period during re- 
fining on furnace B, it happened that bath action 
was small and the bath was hot, so heat absorption 
was small and outgoing gas temperatures tended to 
rise. The fuel input was therefore decreased to 355 
gal oil per hour, a low rate for such a large fur- 
nace. The ingoing air rate was kept relatively high, 
giving the flow rate and temperature conditions 
shown in Table VI. 

With only 7 pct air leakage and nearly 30 pct ex- 
cess air ingoing, the E, value was raised to 80.5 pct. 
Gas temperatures shown remained about the same 
as in the case above (with 550 gal oil per hour but 
faster heat absorption in the bath), air preheat 
temperature at bridgewall dropping somewhat with 
this higher E, value. In proportion to furnace size, 
fuel input never needed to be as high in the more 
efficient furnace B as in furnace A, and had to be 
lowered to less than half the relative value in 
periods such as that described here. It should be 
obvious that with more fuel and with E, values 
much lower than around 70 pct, the hot pass 
checkers in furnace B would have become seriously 
overheated. 

Air preheat temperature in any type of furnace 
is limited not by regenerator efficiency but by the 
practical limiting operating temperatures for re- 
fractories, mainly in top checker courses. It may 
also now be evident why regenerator efficiency and 
air preheat temperature were referred to as two 
more or less independent factors. In A and B fur- 
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nace practices, the two extremes in relative ade- 
quacy of regenerative equipment are illustrated, 
yet by proper adjustment of air input and of amount 
and distribution of air leakage, both furnaces gave 
about the same high air preheat levels and flame 
radiation intensities. 

One might logically question, then, why the 
bother with larger and more complex and more 
efficient regenerative equipment? The difference 
here lies in 1—a capacity to provide a higher rate of 
preheated air supply in furnace B, and 2—the 
avoidance of wastage of high temperature heat into 
stack zone involved in the cold air leakage of fur- 
nace A practice. The latter effect can be illustrated 
by comparing the relative percentages of high tem- 
perature or available heat per unit of fuel input in 
the two practices as shown in Table VII. 

Even throttled down to a fuel input of only 355 
gal of oil per hour, furnace B was able to deliver 
more heat actually useful to the melting chamber 
process (per unit of bath weight) than furnace A 
with a fuel rate more than twice as large in propor- 
tion to heat size. The load rate of furnace B is in 
this case only about 900 lb air on the scale of Fig. 1 
and it can more than double its fuel rate without 
losing much regenerative efficiency or air preheat 
and flame intensity. In general, the chief operating 
problem with furnace B is to “hold it down” by 
keeping a moderate flame length and fuel rate, 
keeping cold air leakage to a minimum in both 
melting and regenerative zones and also supplying 
plenty of excess air through checkers ingoing so that 
the E, value is always high. Comparisons of per- 
formance are not really accurate, as has been indi- 
cated, but very roughly furnace B with its efficient 
double pass checker can give a speed somewhat 
greater than furnace A in comparable practice and 
do this with probably not much more than one half 
the fuel rate per ton of ingots. 

To try to explain why furnace A, with such a 
relatively low efficiency (20 pct) in high tempera- 
ture heat delivery and such large cold air leakage 
and excess air levels, could perform as well as it did 
is a more puzzling problem and would lead us too 
far afield from our subject of regenerator efficiency 
and air preheat. We would suggest, however, that 
as we have mentioned above, the open hearth bath 
process can use excess air to good advantage even, 
apparently, when it comes from cold air leakage 
directly into the melting chamber. Since in many of 
our older furnaces the regenerator capacities are 
rather low, it is almost certainly possible, by operat- 
ing with somewhat lower values of E,, to increase 
air preheat temperatures and flame intensity levels. 
These conditions will naturally coincide with more 


Table VII. Comparison of Efficiency in Furnaces A and B 


Fur- Far- 
nace A nace 

Heat size, tons 55 260 
Fuel input in test periods, Ib oil per hr 1,385 2,750 
Heat of combustion, per Ib oil, Btu 18,400 18,800 
Heat in air ingoing, per Ib oil, Btu 9,000 11,300 
Total heat input, per Ib oil, Btu 27,400 30,100 
Heat in outgoing gases, per Ib oil, Btu 23,800 16,200 
Available heat, per Ib oil, Btu 3,600 13,200 
Available heat to melting chamber, pct 19.6 70.2 


Btu per hr per ton in bath, available heat 90,000 
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Table Vi. Flow Rate and Temperature Conditions, Furnace B - 
ts 
x 
— 
148,000 


Table Vill. Flow Rate and Temperature Conditions, Furnace C 


Pet 
Based 
Flew on 
Rate, Theoret- 
Lb per Hr teal Air 
Total combustion gases into checker, 

Wo 151,030 
Tar input plus CO from bath 8,580 
Atomizing steam 1,980 
Total air ‘equivalent in combustion 

gases) 140,470 168.5 
Preheated air ingoing through checker, 

Wa 71,820 86.1 
Total air leakage between regenerators 68,650 82.4 
Total air 140,470 168.5 
Total theoretical air for combustion 83,410 100.0 
Excess air entering outgoing checker 57,060 68.5 
Temperature of gases entering regen- 

erator, Tg» 2350°F 
Temperature of gases leaving regen- 

erator, To: 1420 
Temperature of air entering regen- 

erator, Ta, 190 
Temperature of air leaving regen- 

erator, Tay 1680 


excess air over the bath, and performance may be 
thus improved in many cases. 


A Furnace with Large Single-Pass Regenerators 
but Bad Distribution of Leakage:. A checker effi- 
ciency test on furnace C is included here chiefly be- 
cause the furnace during the test period happened to 
have a bad leakage condition which is rather typical 
of conditions at various times in many operating 
furnaces. In fact, a certain amount of this type of 
air leakage is probably so common as to be more 
representative of average shop practice than either 
A or B furnace practices. Furnace C is a fairly new 
and modern design, with single-pass regenerators, 
about 14 ft in checkerwork depth above supports, 
and a chamber length of about 30 ft resembling 
closely the upper diagram in Fig. 4. Total potential 
“wiped surface” area for heat interchange in re- 
generators (between bridgewall and flue exits) is 
close to 39,700 sq ft at each furnace end. In the test 
period described here, the load rate on air flow was 
about 1800 lb per hr per 1000 sq ft of wiped surface 
area, this being anywhere from 70 to 100 pct more 
load than on furnace B, but a considerably lighter 
load than that on furnace A (see Table I). Under op- 
timum conditions, its performance should not be 
very much below that of furnace B. 

The flow rates in one test period during refining 
are listed in Table VIII. 

The E, values from the data of Table VII are 


0.312 (2350°—1420°) x 100 
En, = 46.2 pet. 
0.290 (2350°—190°) 


(71,820) (0.265) (1680°—190°) x 100 
(151,030) (0.290) (2350°—190°) 


30.0 pet. 
The drift ratio’ was 


~ 0.441, that is, E, = 44.1 pct. 
Cq (151,030) (0.289) 

It could be argued that this data should have 
been thrown away and new tests made. However, 
the time required to get accurate integrated values 
for Tg, and Ta, above the bridgewall was not prac- 
ticable under the existing flow condition on a com- 
mercial furnace; also, we knew the conditions exist- 
ing, such that we could usefully interpret the re- 
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sults in spite of the large inconsistency between the 
two E, values. Two complicating factors were pres- 
ent: 1—a large air leakage into the upper regenera- 
tive zone (fantails, etc.) ; and 2—some channeling of 
gas and air flows in this long, single-pass chamber. 
As a result, it is very probable that in this data, the 
Tg, value is too high and the Ta,, or perhaps the 
Tg, value is too low. On fairly reasonable assump- 
tions, we calculated that the true E, value here was 
about 34 to 37 pet. For E, = 44.1 pct, and for the 
air load rate of 1800 lb, on the abscissae of Fig. 1, 
the corresponding E, value by extrapolation is 
about 35.5 pct. 

Direct measurement of leakage distribution was 
hardly practicable in this test, but from observation, 
we can say with fair certainty that roughly 90 pct 
of this total air leakage of 82 pct between regen- 
erators was into the upper regenerator zones, rather 
than directly into the melting chamber above sill 
level, as in furnace A. Most of this leakage was into 
the outgoing zone. Visual observation showed that 
the fantail arches were very leaky, and rather large 
temperature differences could be seen inside the 
fantail zone. In trying to maintain a certain draft 
pressure at the main roof arch, the draft fan was in 
effect acting like a pump trying to pull a slight 
vacuum in a chamber to which it was connected by 
a very leaky tube. The regenerator chamber itself 
was rather tight, but between bridgewall and up- 
take large cold air leaks occurred. Draft pressure 
at roof arch could hardly be lowered below about 
+0.09 to +0.10 in. of water so that suction around 
doors at sill level was small and not much air 
leaked above sill level. With the bad thermal con- 
dition of the whole system, some excess fuel was 
used as an offsetting factor. Ingoing preheated air 
was only 86 pct of theoretical, similar to furnace A 
practice. But the leakage, mainly between furnace 
end and checker bridgewall outgoing, was so large 
that total equivalent air in outgoing gases was 168 
pet of theoretical. Handling this large volume of 
gases required about the maximum pull of the fan, 
so that the suction at points below sill level in- 
creased to favor more leakage. 

The very large volume of exit gases (151,000 Ib 
per hr) and the flue temperature above 1400°F, 
meant that an excessive amount of heat was being 
delivered to the waste heat boiler. Reasoning from 
argument based on furnace A, however, a compen- 
sating advantage would be expected from this heat 
waste and the low E, value of 44.1 pct (even lower 
than in the furnace A practice). Apparently this 
low drift ratio should have given even higher air 
preheat temperatures and flame intensities than 
either furnace A or B, considering the fairly mod- 
erate air flow loading on the regenerator surface. 
However, the air leakage which produced this un- 
balanced drift ratio was in the wrong zone of the 
system, which is the main point we want to bring 
out from this test. In furnace A the leakage was 
above sill level, which meant that it: 1—supplied 
extra air to help generate useful heat by oxidation 
effects above the bath or on melting scrap surfaces, 
and 2—the excess air borrowed heat from the com- 
bustion and from hot surfaces so that it entered the 
regenerative zone at about the full “spillover tem- 
perature” level. In furnace C, the air leak was 
mostly below sill level, into the upper regenera- 
tive zone outgoing. There it: 1—helped to complete 
any “tail-end combustion” (caused at times by the 
combination of high fuel rate, lack of air ingoing, 
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and heavy CO evolution from bath boils), or it 2— 
simply cooled the gas stream so that temperature 
potential for heat interchange from brick surface 
was lowered. 

The last effect was undesirable since it resulted 
in directly lowering air preheat. The first effect was 
also bad in part in that it involved little or no excess 
air over the bath and loss of some available heat 
evolution in the melting chamber where it could 
have done the most good. 

On the other hand, the high fuel rate and the 
extra heat from this “tail-end combustion” directly 
in upper regenerative zones at least in certain pe- 
riods of the heat did have a compensating effect 
toward raising the air preheat temperature. The 
air leaving the checkerwork was rarely above about 
1750° to 1800°F, but when it reached the port end, 
it was frequently 550° to 600°F hotter, giving pre- 
heat levels of 2300°F and above in certain periods. 

In brief, the writer regards the practice on fur- 
nace C during the test period as representing a 
fairly sick furnace; although total air leakage was 
also excessive in amount, its worst feature was that 
of being in the wrong place, being below sill level, 
instead of above it as in the furnace A practice. Its 
performance was noticeably below that of other 
furnaces in the shop, but with high fuel input the 
difference would not be too obvious, partly because 
the other furnaces would often suffer from variable 
amounts of the same bad leakage distribution. 

In trying to diagnose such a condition, simple gas 
analyses for CO, and O, at the flue exit, plus accu- 
rate values for fuel input, carbon drop, and rates of 
atomizing steam and ingoing air flow would give 
the basis for calculating the flow rates and per- 
centages of total leakage and excess air as tabu- 
lated above. These data, plus the measured pressure 
at roof arch and visual observations, would often 
suffice to indicate, approximately, the distribution 
of the air leakage, although measurements of air 
temperature ingoing and of draft pressures outgo- 
ing, at various points, might be helpful. However, 
suppose the diagnosis on this furnace had depended 
entirely on a few preheat air temperatures meas- 
ured only in uptakes about at sill level. If these 
measurements happened to coincide with periods of 
high temperature level in melting chamber with 
little bath activity, or immediately following heavy 
boil periods in the bath, coupled with high fuel in- 
put, temperatures of 2250° to 2350°F probably 
would have been obtained and there would have 
been little reason to suspect or to look for the very 
serious leakage condition actually present below 
floor level. 

In correcting this practice on furnace C we would 
presumably begin by making the structure as tight 
as possible at all points below floor level, perhaps 
with special attention to fantail arches, even to the 
point of redesign and rebuilding if necessary to 
make tight sealing more practicable. With each 
outgoing zone made tight from stack or fan to top 
of uptakes, we would now “have control” in the 
sense of a decreased outgoing gas volume and the 
ability to obtain any desired draft effect above sill 
level. In furnace C, the regenerator capacity is rea- 
sonably good so that the optimum E, value would 
probably be somewhere between the two extremes 
represented by furnaces A and B (Table I). One 
might begin by adjusting the pressure at roof arch 
to a level such as to blow out at three or four doors 
and suck in at No. 1 ingoing. This would give a 
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minimum of leakage above sill level, and the air 
ingoing would be adjusted to the theoretical for the 
fuel or at a moderate excess. This would presum- 
ably give too high an E, value, top checkers would 
not get very hot and air preheat temperatures 
would be too low. The pressure at roof level would 
then be lowered to allow leakage in two or three 
doors; with mean air rate ingoing kept the same or 
lower, E, would be decreased; top checkers and air 
preheat would both increase in temperature level. 
Gradual lowering of the roof pressure over several 
heats for the same mean air rate ingoing should 
lower E, and raise top checker brick temperature 
until it would approach perhaps 2300° to 2400°F at 
certain periods in most heats. This should give a 
maximum practicable air preheat level in uptakes, 
and furnace sharpness should be about at its best 
for a reasonable refractory and rebuild cost. In 
theory, at least, this should bring furnace C to about 
the same peak of performance, for the existing fur- 
nace equipment, as we believe to have obtained in 
the furnace A and B practices. We do not mean to 
imply that this is a complete “recipe” for open 
hearth control, because, whether our interpreta- 
tion of the problem is correct or not, many details 
may be different in various furnaces in such a com- 
plex process. However, it represents the broad out- 
lines of the general method for adjusting any fur- 
nace to its best performance for its given equip- 
ment in regenerator capacity, based on the tests on 
the three furnaces given above. 

Any such “adjustment” to lower E, values to get 
high air preheat from more or less inefficient re- 
generative equipment is of course a compromise to 
get maximum speed at the expense of some waste 
of fuel. The very reasonable consequence is, ob- 
viously, that only if the regenerators approach 
maximum efficiency can the best combination of 
both high production rate and low fuel consumption 
be obtained. The above tests indicate that furnace 
B did approach this condition, with a high regen- 
erative efficiency that could hardly be appreci- 
ably increased. In furnace A the only solution 
would have been a costly enlargement of checker 
chambers and changes in flue layout. In furnace C, 
the 30 ft checker chambers are so long that they 
might be modified to a double-pass design within 
the boundaries of existing chamber walls with no 
changes in flue layout. This involves, in the space 
required for the passages and walls of the blind 
pass, a much larger proportion of the length than 
is contributed in heat exchange surface. But by 
making a number of larger passages in the blind 
pass with a rather high flow rate and by using thin- 
ner brick and smaller checker flues in the cold pass, 
it might be possible to end up with the same or a 
slight increase in total heat exchange surface. This 
is perhaps a rough guide on the question of such a 
modification to double pass design; that is, if the 
resulting two-pass chamber has about as much total 
effective surface, then the higher brick-to-air heat 
transfer coefficients due to flow rates more than 100 
pet higher and a better utilization of the total 
effective surface from less channeling of gas and air 
flows, should combine to give perhaps a worthwhile 
increase in efficiency. 


A Few Ideas on A Method for Open Hearth Control 


During the course of a development several years 
ago in this Laboratory of a method” for automatic 
open hearth reversal control, a general idea of the 
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simplest means of furnace control was evolved 
which seems to have been confirmed by later ex- 
perience such as the tests included above. As a part 
of this reversal method, radiation receivers were 
assumed to be kept sighted on the hottest area of 
top checker brick at either end of the furnace. These 
maximum top checker surface temperatures regis- 
tered, at least during gas cycles, on a recorder hav- 
ing an adjustable maximum temperature setting. 
As an emergency method of reversal, any brick 
temperature in excess of this setting, which might 
be around 2400°F, would actuate a relay to reverse 
the furnace, this occurring, of course, only when the 
normal reversal impulse was not actuated before 
this maximum desired checker temperature was 
reached. This scheme, besides giving the first helper 
a continuous indication of his highest checker brick 
temperatures, would, when he was too busy to ob- 
serve them, start reversing the furnace on shorter 
cycles to give protection and a warning to him of 
this condition so he could either decrease his fuel 
rate or increase his ingoing air rate. However, the 
idea behind it was also that such temperature levels 
should be reached one or more times during a heat 
whenever the furnace was properly tuned up to 
maximum speed. Therefore in a furnace which 
rarely or never attains this practical maximum of 
checker temperatures, one should begin to look for 
leakage below floor level, for E, values too high, 
etc., until checker temperatures become high encugh 
so that this reversal impulse is actuated at least oc- 
casionally, perhaps at least once in each heat. 

This is probably not the whole answer to the 
complex control problem, but the writer still be- 
lieves that it represents about the most practical 
general basis for such control toward maximum 
furnace speed with safe conditions below floor level 
where the first helper can normally make few, if 
any, direct observations. Direct measurement of air 
preheat temperatures in uptakes is much less useful 
for day-to-day control. Such measurements are de- 
sirable, at least occasionally, since the difference 
between air temperature and top checker tempera- 
ture will vary considerably due to cold air leakage, 
air rate ingoing, etc. But they are difficult to make, 
and as has been indicated, are often puzzling to in- 
terpret with the many factors involved. They are 
often useful as one auxiliary tool for occasional 
diagnosis, along with gas analysis, draft pressures 
at various points, etc., but for regular day-to-day 
operation control, the above method of recording 
and reversal on maximum checker temperatures 
seems a more practical tool if given proper mainte- 
nance and repair. 


Summary and Conclusions 


In conclusion, we summarize briefly the rather 
involved argument above, for which the only ex- 
cuse is the one at the beginning of the paper, name- 
ly, that in any such complex problem as is involved 
in air preheat vs regenerator efficiency, the problem 
cannot really be clarified unless about all of the es- 
sential factors are included. 

First, we confirm the logical concept that for the 
best combination of furnace speed and low fuel rate, 
net regenerative efficiency (E,) should be as high 
as possible. The theoretical maximum for this ap- 
pears to be around 70 to 72 pct. The most practical 
and reasonably simple design capable of approach- 
ing such a level of E, that has been developed to 
date appears to be the double-pass design, for which 
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an example is shown in furnace B, which gave an 
E, value of around 64 to 66 pct. It should have a 
checkerwork depth of around 15 to 16 ft and suffi- 
cient heat exchange surface so that the load rate on 
ingoing air is down to around 900 to 1100 lb air per 
hr per 1000 sq ft of effective wiped surface in the 
regenerator between the checker bridgewall and 
the flue exit. 

However, in the general problem for the industry 
as a whole, we are up against the fact that only a 
few existing furnaces have sufficient effective re- 
generative capacity to yield E, values approaching 
this level. Most of the older furnaces have greatly 
overloaded regenerative surface, probably above 
2000 lb air per hr per 1000 sq ft of surface, and 
many of the newer furnaces with very long single- 
pass chambers do not get fully effective use of the 
surface area due to channeling and low flow rates, 
giving lower average brick-to-air heat transfer co- 
efficients. In a number of such cases, as indicated 
above, it may be possible to obtain some improve- 
ment by modifying these long chambers to the 
double-pass design. However, at best, for the in- 
dustry as a whole. it should be helpful to know 
more about possible methods for obtaining higher 
air preheat from more or less inadequate regenera- 
tive capacity. 

The discussion above boils down to the thesis that 
by allowing more air leakage above sill level (al- 
ways with leakage near the absolute minimum be- 
low sill level; also, with ingoing preheated air rate 
held at about theoretical or even below) the drift 
ratio or E, value is decreased, unbalancing the two 
flow rates (air up vs gases down) so that checker 
brick temperatures rise toward the practical maxi- 
mum of around 2300° to 2400°F. At some optimum 
level of E,, almost any existing regenerator, at the 
cost of some fuel waste to stack or boilers, can yield 
the practical maximum of air preheat and flame 
intensity levels. The chain of reasoning involved 
in this conclusion can be summarized as follows: 


l—As a basis for argument, the reader is asked 
to assume that excess air in rather large amounts, 
even above the combustion requirements for both 
fuel and bath reactions, can be used in the open 
hearth without serious handicap to melting and 
general heat transfer rates to the bath. In all active 
bath periods this amounts to around 30 to 70 pct 
above fuel requirement alone, or even higher. A 
full discussion of this proposition would involve 
another paper, although the practice on furnace A 
affords a certain amount of evidence for it. 


2—As a consequence, we must first distinguish 
between three sources of such excess air; a—extra 
air input through the regenerator ingoing, b—leak- 
age air directly into regenerator zones either in- 
going or outgoing, especially between checker 
bridgewall and top of uptakes, and c—leakage into 
the melting chamber zone above sill level as con- 
trolled by the pressure at roof arch. Effect (a) 
tends to raise E, and lower checker temperatures, 
being therefore in the wrong direction for over- 
loaded regenerators. Effect (b) tends to lower air 
preheat and checker temperatures except at times 
when it may burn excess combustibles, but then it 
will also be bad fer maximum heating effect over 
the bath. Effect (c) unbalances the drift ratio and 
lowers E, in the desired direction. 


3—lIt is therefore of first importance to tighten 
up the furnace system against leakage below sill 
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level to the maximum degree possible, not merely 
to eliminate certain bad effects of leakage into re- 
generative zones, but also to bring the system under 
control, enabling the exhaust fan to produce any 
desired lower pressure at the roof arch. Usually, 
the critical zones will be at the hard-to-get-at 
places between checker bridgewall and uptakes, 
such as fantail arches, which may need redesign to 
favor better sealing. 

4—As leakage air around doors, etc., above sill 
level increases, relative to the rate of preheated air 
flow ingoing, the whole of the regenerative zones 
gets more heating and less cooling in the reversal 
cycle. Exit gas temperature rises and E, decreases, 
but as illustrated in diagram A of Fig. 7, the heat 
“soaks back” farther into the regenerator zones, 
thus increasing preheat air temperatures in uptakes 
as the E, value is lowered. 

5—At some such decreased E, value, the top 
checker brick will presumably be running too hot 
relative to cleaning or checker maintenance costs, 
indicating that E, is now somewhat below its opti- 
mum value. Such optimum E, values would lie some- 
where between 68 and 46 pct, rarely if ever as low, 
however, as in the practice on furnace A. Optimum 
values of checker temperature at their hottest peri- 
ods are not too well known, but may be in the range 
of 2350° to 2450°F. 


As a direct consequence of this argument, how- 
ever, it follows also that on furnaces with highly 
efficient, lightly loaded regenerators, as for example 
most of those equipped with the double-pass design, 
the main problem may be the opposite one of guard- 
ing against excessive temperature in the top check- 
ers of the hot pass, the following methods being 
indicated by the above discussion: 

1—Moderate fuel rates, with more fuel cutting at 
times when the bath is not absorbing heat. Good 
atomization and moderate flame length. 
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Fig. 8—Design of an aspirating or velocity thermocouple. Horizontal dimension reduced approximately 75 pct for reproduction. 


2—Plenty of excess air supply (up to 40 to 60 pct 
in certain boil periods) for bath reactions or when 
top checker surfaces approach 2350° to 2450°F. 


3—Good sealing both below and above sill level 
with a higher roof pressure for minimum leakage, 
so that nearly all excess air above fuel requirement 
is supplied through the regenerator ingoing, thus 
keeping E, as high as possible. 


The large number of effects, often confusing, 
which determine air temperature in uptakes at a 
given instant makes the interpretation of measured 
air temperatures, as with the velocity couple’ often 
very difficult, especially when these values are un- 
accompanied by other related data. In the long run, 
it may be easier and more profitable to make such 
measurements of gas composition, etc., as were in- 
volved in the tests for regenerator efficiency sum- 
marized above, among which velocity couple meas- 
urements of air or gas stream temperature at vari- 
ous points may be very useful. By whatever meth- 
ods that may be used for measurement, however, 
what is needed are reasonably accurate values for 
the rates of flow of gases down and of air up in the 
regenerators and of the amount of leakage air, also, 
a knowledge of the locations in the system into 
which most of it is leaking; the demand for excess 
air should be known with respect to fuel and bath 
reaction oxidation requirements and perhaps the 
top checker brick temperatures. It may then usu- 
ally be possible to interpret the situation rationally 
and to make a more intelligent choice of more fre- 
quent routine measurements or observations. 

It is suggested that for day-to-day control, one 
usefil tool for the first helper is a continuous tem- 
perature record on zor.es of maximum temperature 
in checker brick at each furnace end, coupled with 
automatic reversal whenever some set temperature 
limit is exceeded. The shorter reversal period can 
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then be a warning to indicate the need for either a 
higher ingoing air or a lower fuel rate, or both. 
Also, when such a maximum safe temperature is sel- 
dom or never approached, it may serve to indicate 
the need for more air leakage above sill level to 
lower the E, or drift ratio in regenerative zones, 
assuming always that air leakage below sill level 
is frequently checked and held always at the very 
lowest possible amount. 
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Appendix 
An Aspirating Thermocouple Design 


The paper by Marsh’ discusses some of the problems 
in measuring gas temperatures in the open hearth sys- 
tem, as well as a good design for an aspirating or 
velocity thermocouple for such measurement. In spite 
of certain more or less inherent disadvantages of this 
method, it seems to be the only accurate and reason- 
ably practical technique yet available for measuring 
the more or less rapidly changing temperatures of 
either gas or air streams in the system. This has been 
made somewhat easier by the development of high 
speed recorders which can accurately follow and re- 
cord a temperature which may occasionally be chang- 
ing by as much as one or more degrees Fahrenheit per 
second. But the real difficulty is still that of measuring 
the true gas temperature instead of getting values 
which may be closer to the higher or lower tempera- 
tures of the surrounding wall surfaces. This is es- 
pecially true in the case of the preheated air stream 
at such points as above the checker bridgewall or near 
the top of the uptakes, where visible surfaces are often 
hotter than the air stream by several hundred degrees 
Fahrenheit. These visible surfaces can pour out heat 
rapidly by radiation, whereas the air can only give up 
its heat by actual contact with the measuring couple. 

Any design of aspirating or velocity thermocouple, 
of which there have been dozens reported in the 
literature, is usually a compromise between the re- 
quirements for accuracy or maximum temperature 
range, and for convenience in use, the latter being es- 
pecially important around an open hearth furnace. 
The design shown in Fig. 8 has been found to be fairly 
simple to assemble and repair, which is the main rea- 
son for describing it briefly here. 

This design is the result of trials with several dif- 
ferent arrangements, one of the earlier ones having 
been described in a paper” in a Symposium on Gas 
Temperature Measurement conducted by the British 
Institute of Fuel in 1939. This design was used in the 
earlier tests on furnace A described above. The later 
design shown in Fig. 8, which gives probably no more 
accurate results but is more convenient to use and 
maintain and usually gives more measurements before 
replacements of parts are required, was used in the 
tests on furnaces B and C. This design, which is 
largely self-explanatory from the diagram, was pointed 
mainly toward the following effects: 1—to give the 
portion adjacent to the hot junction a high rate of heat 
absorption by convection and a low heat capacity, and 
2—to enable the use of only one simple shield tube. 

The diagrammatic enlarged detail of the hot junc- 
tion zone will illustrate these points. The last length 
of two-hole porcelain insulator here is of minimum 
size for 0.4 mm couple wires; this, plus the wires and 


144—JOURNAL OF METALS, FEBRUARY 1954 


the thin platinum tube sheath total to a small heat 
capacity. Also the platinum tube surface tends to ab- 
sorb and conduct heat rapidly by convection transfer, 
and is in good thermal contact with the couple junc- 
tion, to give effect No. 1. 

For effect No. 2, the bright surface of the platinum 
tube has a low emmissivity so that it should reflect 
some 80 to 85 pct of the radiant energy coming from 
the inner surface or the open end of the single por- 
celain shield tube. This single shield tube cannot block 
out quite all the radiant energy but by the combination 
of the reflectivity of the platinum tube and its rapid 
heat interchange with the sucked-in air or gas stream, 
the error, with only a rather moderate gas velocity, 
appears to be down to a few degrees, although we have 
not attempted any absolute check on its accuracy. A 
double shield tube, with the sucked-in stream flowing 
between the two tubes as well as inside the inner one, 
would reduce the error, but the single shield tube, 
which here is simply packed into the water-cooled tube 
in a concentric position with asbestos rope, is much 
easier to remove and replace. 

The hot junction need only project about 1 in. or a 
little less beyond the end of the water-cooled metal 
tube (we have used anywhere from 6 to 14 ft of free 
length of water-cooled tube, depending on the accessi- 
bility of the point to be measured in the furnace). 
Thus the porcelain shield tube need only project about 
5 in. This part is fragile, however, and can also be 
cracked by thermal shock with too rapid heating or 
cooling. When used in part on outgoing gases, the 
platinum tube sheath should be cleaned and polished 
a little, occasionally, to maintain its reflectivity. 

We have used one unit on both air and combustion 
gases for a few dozen reversal periods without appre- 
ciable damage, where temperatures did not exceed 
about 2550°F. Measurement of outgoing gases in down- 
takes, up to around 2900° to 3000°F, caused rapid 
blackening of the platinum tube and some deteriora- 
tion of the shield tube, and the couple would soon de- 
teriorate at its hot end, so that this higher range above 
about 2600°F on gases is not very practicable except 
for a few occasional readings at risk of some replace- 
ment. On air streams up to perhaps around 2800°F, the 
design seems to give rather good life, with some ex- 
perience in handling. 
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Chromium Distribution Between Liquid Iron and Molten 


Basic Slags 


by Nicholas J. Grant, Earl C. Roberts, and John Chipman 


An equilibrium study was made of the distribution of chromium 


and oxygen between liquid iron, containing less than 1 pct Cr, and 
simple slags of the CaO(MgO)-SiO.-FeO-Cr.O, type in the tem- 
perature range 1526° to 1734°C. The effects of slag oxidation, 


N spite of the fact that chromium is one of the 
most important alloying elements in steel, and 
exists in almost all steels as a significant residual 
element, little research has been done to determine 
its behavior in basic steelmaking processes. Con- 
siderably more work has been done under silica- 
saturated acid slag conditions. Koérber and Oelsen,' 
Herasymenko,’ and others have generally agreed 
that in acid steelmaking practice the chromium in 
the slag behaved as if it were present as the chrom- 
ous ion (CrO). Work by Hilty’® in high chromium 
slags also indicated that chromium may exist as 
CxO. 
In basic slag systems no equilibrium data exist. 
Based on individual studies of basic open hearth 
and electric furnace practice, Bardenheuer,’ Rock- 
rohr,” and Hauck’ concluded that: 1—chromium re- 
covery increased with decreasing basicity, and 2— 
chromium recovery increased with increasing tem- 
perature, although the effect was small. In similar 
studies Yavioskii and Dzemyen’ concluded that: 1— 
slag FeO is the most important variable, 2—the 
basicity of the slag has no effect on chromium re- 
covery, and 3—slag viscosity is not high even when 
20 pct Cr.O, is present. Lapitskii® concluded that 
chromium recovery improved as the basicity of the 
slag decreased and increased with increasing man- 
ganese in the metal. 

Regarding the effectiveness of Cr,O, as a base or 
acid in basic slags, both Kristoffersen’ and Trojer” 
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temperature, and basicity were observed. 


reported that Cr,O, was an acidic component re- 
quiring neutralization as 2CaO-Cr,O,,. 


Experimental Procedure 

The experimental apparatus and procedure used 
for the present research were similar in most details 
to those used by Winkler and Chipman" and were 
described in detail by them. A magnesia crucible 
was used, holding 60 to 80 lb of Armco iron which 
was decarburized with hydrogen to about 0.010 pct 
C. Since all the metal samples solidified without 
gas evolution, this carbon level was assumed not to 
be significant. Synthetic slags made by mixing pure 
oxides were used throughout the study. 

Temperatures were measured by means of cali- 
brated W-Mo thermocouples and were checked by 
Pt-Pt-Rh thermocouples. The range of tempera- 
tures covered in this study was from 1526° to 
1734°C. 

The chromium content of the iron was in the 
range 0.032 to 0.82 pct, although the bulk of the 
tests showed 0.04 to 0.2 pet. 

The slags were of the CaO(MgO) -SiO,-FeO-Cr,O, 
type in which the Cr,O, content was from about 2 to 
20 pct, although most of the slags showed from 
about 2 to 10 pct. The FeO range was from about 
10 to 65 pet. CaO and SiO, were in the range of 
about 5 to 45 pct each, yielding a rather wide range 
of basicity values. 

The first 12 heats were made without a sulphur 
addition, and with only 30 min allowed for slag- 
metal equilibrium to be reached. In previous re- 
search it had been shown that less than 30 min was 
adequate to achieve equilibrium in slags free of 
Cr,O,.""" A study of the present data indicated 
that some of the tests may not have reached equi- 
librium in this time; accordingly four additional 
heats were made in which at least 1 hr was per- 
mitted for equilibrium to be reached. For reaching 
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— 
Metal Analyses ee 
Heat 
Sample 
Ne. o Crt Cao MgO FeO Crs 8 
86-11 1580 0.153 — 26.09 6.00 15.28 43.96 5.13 2.34 
87-9 1526 0.130 24.97 6.29 17.06 39.62 8.60 1.43 
F 68-3 1554 0.140 - 20.8: 5.34 22.80 48.79 8.24 3.82 
48-9 1542 0.114 24.22 3.98 14.44 43.31 8.19 5.70 
88-15 1564 0.157 21.45 2.65 16.36 42.32 10.80 6.17 
b 88-17 1583 0.137 24.88 4.24 17.74 39.98 8.29 4.68 
68-25 1593 0.183 18.81 4.55 13.14 52.43 7.87 3.21 
; 69-4 1646 0.194 22.66 6.52 14.34 44.26 5.56 4.90 
Si ace 89-6 1704 0.236 20.41 7.64 13.22 44.11 5.72 7.32 » F 
69-8 1619 0.187 21.65 6.88 14.26 45.32 5.96 431 
89-14 1600 0.175 - 20.53 6.05 13.78 47.15 6.53 44 
; 89-16 1646 0.181 18.52 6.86 13.34 37.41 11.22 10.64 
. 89-18 1613 0.161 26.17 4.55 16.34 39.75 6.28 4.85 
69-24 1542 0.128 21.14 4.82 16.42 44.77 6.89 4.43 
69-26 1570 0.144 20.84 5.15 17.20 43.36 6.58 5.40 - ‘ 
91-10 1668 0.278 _ 10.39 8.50 13.30 55.78 6.98 3.73 _ 
91-12 1564 0.174 10.53 7.66 15.50 56.77 4.93 3.39 
91-16 1663 0.243 14.40 8.61 14.10 53.99 4.55 3.67 - 
91-20 1632 0.180 13.56 8.72 16.52 43.68 6.67 9.62 
04-6 1625 0.171 14.83 6.70 12.34 42.49 8.39 13.78 
; 04-8 1551 0.146 14.95 5.95 13.54 38.89 10.92 13.33 
1636 0.172 5.26 12.64 42.82 7.07 444 
1666 0.188 5.21 13.42 38.92 6.11 8.29 
1577 0.137 - 5.35 12.18 33.37 10.45 13.30 
1610 0.158 2.25 18.38 19.13 11.87 21.00 
1603 0.156 3.46 18.02 28.48 9.02 12.30 
val 1591 0.145 3.61 16.70 27.33 10.45 14.50 
1586 0.151 4.40 13.22 41.56 8.79 7.26 
1608 0.156 4.63 13.80 41.41 6.07 7.49 
; 1697 0.219 ' 5.16 13.50 41.13 6H 9.92 
1577 0.136 6.22 14.40 26.60 10.07 20.60 
1608 0.150 3.19 21.10 26.05 8.18 9.72 
1613 0.148 3.89 20.18 30.63 5.59 744 
1652 0.179 3.14 17.82 32.61 8.29 70 - 
1710 0211 4.99 21.02 34.84 5.66 5.61 
1690 0.229 - 5.56 5.18 62.55 6.55 6.42 
: 1537 0.144 - 6.06 8.64 49.02 11.84 10.78 
1604 0.174 5.19 9.16 51.34 8.05 5.68 
1640 0.169 4.44 7.92 51.04 8.17 6.56 
1630 0.167 5.03 7.74 45.73 11.67 6.80 
; 1581 0.127 4.97 7.68 45.27 8.79 4.56 . 
1615 0.135 4.73 44.15 9.10 5.53 - 
1593 0.110 4.36 40.25 8.73 5.24 
. 1648 0.138 4.59 40.12 8.28 6.45 
1654 0.132 4.61 36.18 8.50 6.58 
1573 0.096 4.51 33.65 9.34 7.23 
1641 0.174 6.33 36.40 5.76 4.96 
1631 0.142 6.28 33.95 8.62 3.60 
1651 0.137 3.83 42.90 7.55 7.33 
1734 0.211 6.84 38.85 5.66 11.94 
1614 0.182 3.11 36.87 8.95 11.95 
; 1549 0.129 1.14 28.70 3.89 2.05 - 
: 1597 0.133 2.61 27.30 2.55 2.88 
j 1597 0.100 2.84 19.58 22.54 4.70 - 
1570 0.131 .20 23.45 3.98 2.67 -- 
1615 18 19.78 4.20 3.20 -— 
7 1591 92 19.46 6.98 3.23 - 
1608 88 9.89 0.87 2.85 -- 
1589 56 10.25 1.67 5.27 _ 
1573 32 10.11 2.50 5.62 —_ 
1642 i 80 13.02 2.99 7.01 -- 
2 1568 60 66.53 9.26 7.63 — 
1600 07 65.81 7.27 5.36 -- 
1618 i 33 58.63 8.30 7.61 -- 
10 1621 44 59.56 6] 6.25 
12 1629 88 57.76 5. 6.20 
90-14 1610 ( - 58 54.53 5, 4.12 
90-16 1612 ( — 58 52.09 5.43 3.69 _ 
: 99-20 1504 ( 46 46.85 443 4.85 -- 
99-24 1615 i -- 42 45.26 3.42 5.21 _ 
99-26 1610 ( -— 90 42.25 4.27 6.70 -- 
99-28 1625 ( 91 38.08 3.21 3.33 _ 
99-30 1630 ( 85 32.57 5.97 3.13 -— 
y 90-34 1619 67 32.76 3.05 3.31 — 
100-2 1580 ( 0 15 13.61 0.04 1.58 0.093 
100-6 1590 ( 0 64 11.78 0.07 2.25 0.055 
: 100-8 1612 ( 0 57 9.56 0.07 2.72 0.042 
~ 100-10 1620 i 0 88 11.43 0.07 3.09 0.031 
100-16 1618 ( 0 9.54 10.11 0.04 3.66 0.032 
100-18 1658 C 0 11.60 13.14 0.07 3.86 0.036 
101-2 1548 ( 0 5.57 32.99 3.28 2.77 0.20 
101-4 1592 ( 0 6.15 32.56 3.04 443 0.19 
101-6 1635 r 0 6.54 33.83 3.08 3.32 0.235 
101-8 1645 ( 0 6.79 34.73 2.76 3.74 0.273 
a 101-10 1625 ¢ 0 6.99 35.85 2.56 3.66 0.275 
101-14 1590 ( 0 6.18 34.88 3.08 694 0.22 
' 101-20 1582 q ( 0 9.28 33.80 0.08 451 0.058 
102-2 1635 C 0 4.48 75.14 4.66 3.47 0.56 
: 102-4 1600 0 4.43 74.47 5.76 3.22 0.56 
7 102-6 1600 ( 0.040 0 4.23 71.62 5.07 2.89 0.61 
: 102-8 1602 0.080 0 3.80 61.49 6.85 6.11 0.67 
{ 102-10 1605 0.140 0.091 0 3.63 55.42 7.87 6.45 0.75 ' 
102-12 1622 0.114 0.150 0 3.29 48.30 7.58 9.76 0.85 
102-16 1593 0.113 0.109 0 3.20 50.06 9.13 7.90 0.81 
ag 102-18 1605 0.133 0.105 0. 3.34 55.27 8.15 7.25 0.72 
103-4 1625 0.205 0.067 0.127 4.43 53.79 4.01 9.69 0.30 
103-8 1601 0.178 0.064 0.131 7.12 52.22 3.20 7.62 0.225 
: 103-10 1611 0.196 0.053 0.128 5.45 58.06 3.93 6.25 0.27 e 
103-12 1595 0.171 0.059 0.128 5.81 $7.87 3.69 6.28 0.26 , 
103-14 1602 0.194 0.04€ 0.127 10.07 5.78 59.71 3.93 7.16 0.27 
103-16 1605 0.025 0 053 0.125 9.10 5.54 61.82 3.65 5.95 0.28 
soluble 


sample 96-34. X750. 


sample 91-10. X750. 
Fig. 3 (upper right)—Chromite phase in slag sample 99-32. X750. 


Fig. 4 (lower right)—Chromite phase in slag sample 94-24 showing 
inside the chromite. X750. 


equilibrium | hr was noted to be adequate. Sulphur 
was added to these heats in order that the sulphur 
distribution ratio might be used as a measure of the 
acidic or basic nature of Cr,O, in basic slags. 

Table I lists the metal and slag compositions as 
well as the temperatures of the bath at the time of 
sampling. 


Experimental Results and Discussion 

Microexamination of Slag and Metal Phases: A 
large number of slag and metal samples were ex- 
amined microscopically in an effort to obtain evi- 
dence of existing phases. The results were difficult 
to interpret but did present some interesting struc- 
tures. 

Fig. 1 shows a micrograph of an iron sample. The 
spherical particles are of the iron oxide, wiistite, 
phase. It will be noted that the size of the particles 
varies from extremely minute spheres to very 
large ones. The angularly shaped particles are 
chromite inclusions. These particles are extremely 
uniform in size, suggesting that this phase separated 
out in a narrow temperature range. 

Fig. 2 shows two-phase oxide inclusions in an 
iron sample as well as smaller wiistite inclusions, 
again over a range of particle sizes. From the ge- 
ometry of the included phase it is concluded that it 
is chromite which lies in the wiistite phase. Such 
a combination of wiistite and chromite suggests that 
the chromite may have served as a nucleus on 
which the wiistite could precipitate and grow; this 
does not explain why the chromite particles are 
larger than when wistite is absent. It seems more 
probable that there is appreciable solubility be- 
tween wiistite and chromite at high temperatures, 
as was suggested by Trojer.” In the latter case the 
chromite precipitated within the droplets of non- 
metallic liquid first formed and conditions may have 
been more favorable for growth. 

Fig. 3 shows ene of the slags. The angular phase 
is chromite which exists in wiistite. Some dical- 


cium-silicate was also identified. Fig. 4 shows an 
interesting and not too rare instance wherein a 
metallic button exists within the chromite phase. 
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Fig. 1 (left)—Chromite inclusions (angular) and iron oxide (rounded) in metal 


Fig. 2 (center)—Two-phase oxide inclusions, chromite in iron oxide, in metal 


a metal button 


The analysis of the metal was not obtained, un- 
fortunately, because of the smallness of the par- 
ticles. A satisfactory explanation for the occur- 
rence of this metallic particle in the chromite has 
not been found. 

Cr,O, as a Basic Component in Basic Slags: One 
of the primary aims of the research was to deter- 
mine the acidic or basic contribution of Cr,O, in 
basic open hearth type slags. Efforts to determine 
this on the first 12 heats were completely unsuccess- 
ful, due to the lack of an adequate criterion. 

Accordingly, the four sulphur-containing heats 
were examined, using the “desulphurization stand- 
ard line’? determined by Grant and Chipman” as a 
reference. It will be recalled that the strongly 
acidic nature of Al,O, in basic open hearth type 
slags was determined in this same manner. 

A value of “excess base” was calculated accord- 
ing to the method of Grant and Chipman for each 
slag. In the first set of calculations the Cr,O, (mols 
per 100 gram of slag) was considered as an acid 
requiring 1 mol of CaO for neutralization. A plot 
of the desulphurization ratio, (%S)/[%S], against 
excess base was then made as shown in Fig. 5. It is 
seen that in general the points lie above the stand- 
ard curve, indicating that for a given desulphuriza- 
tion ratio, the slags, as calculated, are too acid. 

A similar set of calculations was made next in 
which Cr,O, was assumed to be neutral (similar to 
FeO). This resulted in higher calculated basicity 
values for the slags than was obtained above, but 
the points were still too fav above the curve. 

In a third set of calculations the Cr,O, was as- 
sumed to be a base, contributing to the basicity 
equally with CaO, MgO, and MnO, on a molar basis. 
It was noted that the points fit the standard curve 
about as well as the points for slags not containing 
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Fig. 5—Desulphurization ratio vs excess base. Cr.O, assumed to be 
acidic. Note poor agreement with standard desulphurization curve. 
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Fig. 6—Desulphurization ratio vs excess base. Cr,O, assumed to be 
equivalent to 2CaO. Note good agreement with standard desul- 
phurization curve. 
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Fig. 7—Oxygen content of low chromium-iron melts in equilibrium 


with chromite saturated slags at 1600°C. Note good agreement 
with curve of Chen and Chipman.” 


Cr,O,, previously reported.” In a fourth calculation 
it was assumed that 1 mol of Cr,O, is equivalent to 
2 mols of CaO. The result of such a calculation is 
almost indistinguishable from that of assuming that 
chromium is divalent and equivalent in basic prop- 
erties to calcium. The results of this calculation are 
shown in Fig. 6 in which it is seen that the individ- 
ual points are in very good agreement with the 
“standard curve” previously reported. 

The Chromium Oxidation Reaction: Wentrupp 
and Knapp” reported that with up to about 8 pct Cr 
in the metal the chromium is in equilibrium with 
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chromite (FeO-Cr,O,) in the slag. Chen and Chip- 
man” also reported chromium to be in equilibrium 
with chromite but placed the upper limit at about 
5.5 pet Cr. Furthermore, the data of Chen and 
Chipman showed that with up to 1 pct Cr in the 
metal the effect of chromium on the oxygen activity 
was small. When solid chromite is present, the fol- 
lowing reaction may be assumed to take place: 


FeO-Cr,0, (solid) = Fe (liquid) + 2Cr +40 


where the underlined values indicate elements in 
solution in the liquid iron. 
Then 
K’ = [% Cr]’ x [% OJ*. 


A plot of percent oxygen against percent chromi- 
um is shown in Fig. 7, utilizing two groups of points 
based on the temperature ranges 1571° to 1600°C 
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Fig. 8—Plot of K’c, vs the reciprocal of the temperature for 
the chromite reaction in liquid iron. 


and 1601° to 1630°C. The solid curve best repre- 
sents the oxygen-chromium relationship at 1600°C 
and is compared to the curve obtained by Chen and 
Chipman.” The agreement is extremely good. 

Fig. 8 is a plot of K’ for the above reaction against 
the reciprocal of the absolute temperature. From 
this curve, K’ at 1595°C is 2.55x10° in agreement 
with 2.44x10° from the data of Chen and Chipman. 
The straight line is represented by the expression 


log K’ = —49,000/T + 20.6. 


The close agreement of all of the data with the 
lines representing K’ in Figs. 7 and 8 has a signifi- 
cance with respect to the experimental conditions 
which should not be overlooked. It shows that in 
every case the slag was saturated with respect to 
chromite. The results are therefore comparable 
with what would be expected on a chromite hearth. 
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Moreover, the chromium content of the metal is 
completely controlled by oxygen and by tempera- 
ture. Under such conditions any “distribution 
ratio” of chromium between slag and metal has 
little significance. 

The slag analyses may be used to establish a 
minimum value for the solubility of chromite in 
slags of the type used. This can be only a minimum 
rather than a true solubility because all the slags 
contained an undetermined amount of chromite in 
suspension. Plots of base/acid ratio vs Cr.O, content 
of the slag (from Table I) showed that the mini- 
mum observed values at 1550°, 1600°, 1650°, and 
1700°C are respectively about 2.0, 2.7, 3.5, and 5.0 
pet by weight of Cr,O,. Above this minimum the 
scatter of the data is so great (due largely to the 
presence of suspended chromite) that the effects of 
FeO and basicity cannot be evaluated. These plots, 
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Fig. 9—Relationship of chromium in the metal to slag FeO as a 
function of temperature for chromite saturated slags. 


omitted for the sake of brevity, indicated that the 
slags showing the lowest chromite solubility are 
principally those of intermediate basicity having 
V-ratios between 1.5 and 2. There are indications 
that solubilities approximately double the above 
minima may occur at very low V-ratios. 

Of more practical significance, Fig. 9 shows a plot 
of percent chromium in the metal vs percent FeO 
in the slag, taken directly from Table I. The points 
shown in Fig. 9 were examined with respect to 
temperature and slag basicity. The following items, 
based directly on Fig. 9, deserve mention: 

1—Above about 30 pct FeO, the effect of FeO is 
relatively small and temperature plays the leading 
role in controlling the chromium content of the 
liquid bath under a slag saturated with chromite. 

2—With less than about 30 pct FeO, the slag FeO 
is the most important factor, residual chromium 
increasing as FeO decreases. This is in agreement 
with the findings of Yavioskii and Dzemyen,’ where- 
as item 1 is in disagreement. 

3—The effect of temperature is important at all 
levels of oxidation, chromium recovery increasing 
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with increasing temperature. Previous investigators 
had indicated that this effect would be small.** 

In a supplementary plot, where the slags were 
differentiated with respect to basicity, only a small 
effect of slag basicity on chromium recovery was 
noted. This is overshadowed by the large effects of 
oxidation and temperature. The disagreement in 
previous work on the role of basicity, based on non- 
equilibrium data,** is thus easily understood. 


Conclusions 

Based on equilibrium studies between liquid iron 
and simple slags in the system CaO(MgQO)-SiO,- 
FeO-Cr,O,, and with chromium contents up to 0.82 
pct in the metal, the following conclusions may be 
made: 

1—Equilibrium is reached more slowly than in 
chromium-free slags, and some chromite remains 
suspended in the slag. 

2—Cr,O, appears to behave as a basic oxide in 
slags of the open hearth type being approximately 
as effective in desulphurization as CaO, MgO, and 
MnO. 

3—tThe solubility of chromite in slags is estimated 
to correspond to about 2 to 5 pct Cr,O, at tem- 
peratures of 1550° to 1700°C and somewhat higher 
in slags of very low V-ratio. 

4—The reaction of chromium with oxygen at low 
chromium contents in the presence of chromite- 
saturated slags is best represented as follows: 


FeO-Cr,O, (solid) = Fe (liquid) + 2Cr + 40 
K’ = [% Cr]’ x [% O]*; log K’ = —49,000/T + 20.6. 


This agrees with the results of Chen and Chipman 
at 1595°C. 

5—For metal containing less than 1 pct Cr, re- 
covery of chromium in remelting is favored by 
high temperature and low FeO. The effects of basic- 
ity are less clear. 
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The Wustite Phase in Partially Reduced Hematite 


by Gust Bitsianes and T. L. Joseph 


HE layered structure of partially reduced iron 

ore was described in a previous paper.’ Reduc- 
tion by hydrogen was found to take place at well- 
defined interfaces between layers of the solid 
phases. In the present investigation, a detailed study 
was made of the wiistite phase that had formed 
during the partial reduction of a cylindrical compact 
of chemically pure hematite. An unusually wide 
band of wiistite permitted a rather detailed study of 
this phase. 

The specimen was made from Baker's C.P. hema- 
tite in the form of a cylinder 1.5 cm in diameter and 
1.8 cm long. A dense ore structure with about 6 pct 
porosity was attained by heating the specimen in 
air at 1100°C for 3 hr. To confine reduction to the 
top surface, a ceramic coating was applied to the 
bottom and sides of the cylindrical compact. The 
specimen was then partially reduced in hydrogen at 
850°C and subjected to a coordinated sequence of 
macro-, micro-, and X-ray examinations. 

A section of the partially reduced cylinder is 
shown in the macrograph, Fig. 1. Four layers con- 
sisting of metallic iron, wiistite, magnetite, and un- 
reduced hematite are clearly shown. The effort to 
force reduction to proceed downward in topochemi- 
cal fashion was only partly successful, as some re- 
duction occurred along one side and bottom of the 
cylinder. A rather wide layer of dark wiistite phase 
had formed, however, and permitted sampling for 
X-ray studies as indicated. 

To supplement previous work and to study the 
wistite layer in more detail, ten separate layers 
were removed for X-ray examination. Broad and 
diffuse patterns were obtained with the as-filed 
powders, especially with those of iron and wiistite, 
and the condition indicated a cold-working and var- 
iable composition effect within the respective layers. 
This condition was corrected by annealing the en- 
tire series of powders at an appropriate temper- 
ature. For the annealing treatment, the ten powder 
samples were wrapped in silver foil, sealed under 
vacuum in small quartz tubes, and heated at 750°C 
for 16 hr. The specimens were then drastically 
quenched in cold water to preserve the annealed 
condition. These annealed specimens were X-rayed 
in turn and the compiled patterns are shown in Fig. 
2. The standard patterns for iron and its oxides 
have been interjected at appropriate positions for 
purposes of comparison and phase identification. 

All of the patterns obtained were clearcut and 
concise so that positive identifications could be made 
for all of the phases. The outermost layers A, B, 
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Fig. 1—Macrostructure of partially reduced synthetic ore, cylinder 
No. 9. Reduced in hydrogen at 850°C for 70 min. X6.5. Area re- 
duced approximately 60 pct for reproduction. 


and C were composed almost entirely of iron with 
a small amount of wiistite being detectable at the 
X-ray limit of phase detection. Layer D from the 
iron-wiistite interface showed both of these phases. 
The next four layers E, F, G, and H were all in the 
dark phase band which had been tentatively iden- 
tified as wiistite by the macroexamination, Fig. 1. 
The diffraction data with their single-phase pat- 
terns of wiistite for these layers checked the visual 
evidence. Continuing the X-ray analyses after 
layer H, the macrograph (Fig. 1) shows that layer I 
came largely from the magnetite zone but included 
some fringes of the wiistite-magnetite interface. The 
diffraction pattern for the sample confirmed this 
observation. Layer J came from the unreduced core 
of the specimen and its diffraction pattern indicated 
a preponderance of hematite phase. The reduction 
behavior of synthetic compacts has thus been found 
to be similar to natural dense iron ore. 

The previous results were supplemented with 
measurements of the diffraction films and calcula- 
tions of the respective unit parameters. These X-ray 
data are summarized in Table I and offer some in- 
teresting correlations as to the compositions of the 
various phases undergoing reduction. 

The iron layers that were analyzed gave lattice 
parameters close to that of pure iron at 2.8664A. 
Evidently this iron was present in layers A through 
D as a pure phase with little or no oxygen dissolved 
in its lattice. 

With the wiistite layers an entirely different situ- 
ation prevailed in that there was a definite and 
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Fig. 2—X-ray study of cylinder No. 9. X0.5. 


sizable lattice parameter change from one extremity 
of the field to the other. The effect can be seen in 
the X-ray pattern compilation of Fig. 2. The wiis- 
tite doublet on the extreme right, corresponding to 
the 331 line, had shifted gradually to the right with 
increasing depth of penetration. Such a change in- 
volving a solid solution can only mean that the 
lattice parameter of the wiistite had changed across 
the breadth of the field. The data of Table I for the 
wistite field give quantitative proof of the direc- 
tional change in parameter and show it to have been 
a decrease. Under the conditions of reduction, the 
wiistite nearest the iron phase should have been 
lower in oxygen content than that next to the mag- 
netite. It may thus be concluded that the wiistite 
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formed on reducticn had an increasing oxygen con- 
tent as a function of depth and at the same time 
exhibited a decreasing lattice parameter. These 
findings are in direct agreement with the work of 
Jette and Foote® * who found that the parameter of 
their grade of wiistite decreased regularly with in- 
creasing oxygen content. 

The change in wiistite parameter could not be 
correlated directly with the composition of the vari- 
ous layers as insufficient material was available for 
chemical analysis. Jette and Foote,” * however, have 
published a curve relating the composition (oxygen 
content) of wiistite with its X-ray parameter. This 
curve was used to correlate oxygen content with 
X-ray data obtained in the present investigation. 
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Fig. 3—Schematic representation of layer sampling technique used 
on the wustite field of cylinder No. 9. 
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PER CENT OXYGEN IN WUSTITE 


F 
ZONES 
Fig. 4—Wustite field compositions as a function of depth of 
penetration for cylinder No. 9. D and / are the determined 
equilibrium points. 


The first correlation has been concerned with the 
changes in composition of the wiistite field with 
depth. Fig. 3 is a schematic representation of the 
location of the samples used for X-ray analyses. Six 
layers were filed as uniformly as possible and the 
broken vertical lines represent the probable bound- 
aries of the separate layers. Each layer was then 
annealed to a homogeneous composition at an effec- 
tive temperature of 850°C and the resultant X-ray 
parameters and oxygen analyses could be taken to 
represent the mid-points of the respective layers. 
The D and I layers, however, contained iron and 
magnetite, respectively, and thus represented the 
equilibrium conditions for wiistite at 850°C. 

Fig. 4 shows how the oxygen content of the wiis- 
tite phase varies across the wiistite field. The four 
points E, F, G, and H represent the dynamic condi- 
tion at the time of reduction and determine the 
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Fig. 5— Correlation of wustite field compositions for cylinder No. 9. 
D and /| represent wustite equilibrium points with iron and magne- 
tite, respectively. 


curve fixing the oxygen concentration across the 
wistite field. The curve starts at the equilibrium 
composition on the iron-wiistite interface, increases 
in linear fashion across the width of the wiistite 
field, and finally increases sharply to the equilib- 
rium composition on the wiistite-magnetite inter- 
face. This behavior would indicate that a steady- 
state condition prevailed across the wiistite layer in 
which a diffusional effect was operating in conjunc- 
tion with an interfacial resistance to control the 
process. The diffusional effect was probably one in- 
volving the counterdiffusion of hydrogen and water 
vapor molecules through the porous layer of wiis- 
tite grains. The actual reduction of the individual 
wiistite grains, however, could have been carried on 
by the solid lattice-type of diffusion involving iron 
ions. 

The second correlation has been made with Jette 


Table |. X-Ray Data Compilation for Synthetic Cylinder No. 9 


Phases Present 


Annealing 


Magnetite 


ae 


- 


Grn = 5.42(5) 
a = 55°18’ 


* Relative intensity (1) scale: s, strong; m, medium; w, weak; v, very. 


ta» in angstrom units: probable accuracy of four significant figures. 
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o—lron-wustite interface. White phase, 
iron; gray phase, wustite; black areas are 
pores. 
Fig. 6—Reduction interfaces of synthetic ore, cylinder No. 9. Reduced in hydrogen at 850°C for 70 min. Etched. X500. Area reduced 
approximately 50 pct for reproduction. 


magnetite. 


and Foote’s*" representation of the wiistite field. 
Their data and those of the authors are shown in 
Fig. 5 with the D and I points representing equilib- 
rium compositions at either extremity of the wiistite 
field. These equilibrium points are in good agree- 
ment with Jette and Foote’s values but they cannot 
be regarded as independent checks as the analytical 
results were obtained with the aid of the previous 
authors’ calibration curve. The X-ray data, how- 
ever, appear to have been fairly consistent. Within 
the wiistite field the oxygen content of the inter- 
mediate layers increased progressively and uni- 
formly with depth of penetration. 

The parameters obtained for the phases in layers 
I and J were very close to those for the pure mag- 
netite and hematite standards. The magnetite layer 
I was actually too thin for an extensive sampiing 
treatment and the parameter data could well repre- 
sent an average layer condition. 

As a further means of study, the specimen was 
microexamined and the results are summarized in 
the micrographs of Fig. 6. The reduction interfaces 
in the synthetic specimen were substantially the 
same as those observed in a natural iron ore. The 
same phases were present in the same orientation, 
and the occurrence of progressively narrower inter- 
faces with depth of penetration was again observed. 
There are some differences which should be noted 
in the reduction behavior of synthetic and natural 
material. The first difference is in the porosity of the 
iron layers which have a tendency to sinter. 

Sintering, in general, occurs in any sponge iron 
layer provided that it is held above 650°C for suffi- 
cient time. In the synthetic specimen the iron layer 
has undergone a remarkable sintering action to 
create a distinctive type of macroporosity. Fig. 6a 
illustrates the case and shows that the iron grains 
have grown together and produced large, branching 
pore areas. In contrast, the reduction of natural ore 
is characterized by a minimum of sintering action 
and thus by iron layers with a uniform distribution 
of pore space. These results along with other evi- 
dence would indicate that the purer materials have 
the greater tendency to sinter. 

A second difference in the reduction behavior of 
synthetic material has been noted in that many of 
the wiistite grains are not completely reduced at the 
iron-wiistite interface but persist well out into the 
ferrite layer. In Fig. 6a these isolated grains are 
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b—Wustite- magnetite 
gray phase, wustite; light gray phase, 


c—Magnetite-hematite interface. Light 
gray phase, magnetite; white phase, hem- 
atite; some dark pore areas. 


interface. Dark 


shown encased by agglomerated masses of sponge 
iron, and the microinspection has shown that the 
distribution of residual wiistite decreases uniformly 
out on the edge of the specimen. This “wiistite re- 
tention” effect has been noted in most synthetic 
material and is directly related to the size of the 
wistite grains and to the iron sintering action. 


Summary and Conclusions 

An unusually wide band of wiistite was found in 
a partially reduced cylinder of chemically pure 
hematite which had been fired to produce a dense, 
homogeneous, and thermally stable structure. Six 
samples which represented layers of varying depths 
of penetration were filed from the wiistite band and 
annealed prior to X-ray analysis. A change of com- 
position across the wiistite field was indicated by a 
decrease of lattice parameter. 

Using the work of Jette and Foote to fix oxygen 
content from X-ray data, results from the present 
study at 850°C showed that the oxygen content in- 
creased across the wiistite field. The curve started 
at the equilibrium composition on the iron-wiistite 
interface (23.35 pct O) and increased in linear 
fashion across the wiistite field to a value slightly 
below the equilibrium composition on the wiistite- 
magnetite interface (24.10 pct O). 

Work on fired compacts of chemically pure hema- 
tite confirmed earlier work on iron ore as to the ex- 
istence of four well-defined phase layers in samples 
partially reduced with hydrogen above 570°C. 

Microscopic examination of the iron layer formed 
by reduction of pure hematite showed a tendency 
for the iron grains to coalesce leaving pores or open 
areas. This sintering action encased certain grains 
of wiistite with ferrite, retarded their reduction at 
the moving iron-wiistite interface, and permitted 
their retention well out into the ferrite layer. The 
effect was not characteristic of the reduction of 
dense iron ore. 
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Theoretical Analysis of Diffusion of Solutes During The 
Solidification of Alloys 


by Carl Wagner 


When an alloy solidifies and the composition of the solid differs 


from the composition of the liquid, atoms of the alloying elements 
rejected at the solid-liquid interface have to diffuse toward the 
bulk liquid. Diffusion may be supported by convection. Theoretical 
calculations have been made for a liquid without convection, for a 
liquid involving natural convection, and for solidification of a liquid 
eiey at the surface of a rotating disk as an example of forced 


convection. 


HEN an alloy solidifies, the equilibrium com- 
position of the originating solid phase differs 

in general from the composition of the liquid phase. 
Thus, segregation may take place, i.e., the composi- 
tion of the solid phase formed at different times 
differs from the bulk composition. The degree of 
segregation depends on several factors such as the 
partition ratio of the alloying elements between the 
liquid and the solid phase, the rate of solidification, 
and convection. To clarify, a theoretical analysis has 
been worked out. The following presuppositions are 
made: 

1—Calculations are confined to the solidification 
of binary alloys in which the concentration of com- 
ponent A (solvent) is much greater than that of com- 
ponent B (solute). 

2——-The equilibrium concentration of the alloying 
element B is assumed to be lower in the solid phase 
than in the coexisting liquid phase. 

3—At the solid-liquid interface, partition equilib- 
rium is assumed. 

4—The dependence of the partition ratio of the 
solute between the liquid and the solid phase on 
concentration and temperature is disregarded since 
only small concentrations of the solute are consid- 
ered, 

5-——The concentration of the alloying element B in 
the solid phase is supposed to be lower than the sat- 
uration concentration for the formation of a second 
solid phase. 

6—Diffusion in the solid phase is disregarded, 
since diffusion rates in the solid state are compara- 
tively low. 

When the partition ratio of the solute between the 
liquid and the solid phase is greater than unity, a 
part of the solute is rejected at the solid-liquid inter- 
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face and has to diffuse toward the bulk liquid. Thus 
there is necessarily a concentration difference in the 
liquid between the solid-liquid interface and the 
bulk liquid as has been pointed out by Hayes and 
Chipman,’ Rutter and Chalmers,’ Tiller, Jackson, 
Rutter, and Chalmers," and others (see Fig. 1). In 
view of the concentration gradient in the liquid 
phase, the ratio of the concentration of the solute in 
the solid phase to that in the bulk liquid differs from 
the equilibrium ratio, although at the solid-liquid 
interface, partition equilibrium is assumed. Under 
certain limiting conditions, the solid may even have 
virtually the composition of the bulk liquid as is 
shown below. 


General Equations 


Let u be the linear crystallization velocity in cm 
per sec, D the diffusion coefficient of component B in 
the liquid phase in cm’ sec”, c’, and c”, the concen- 
trations of component B in the liquid and the solid 
phase, respectively, in mol per cm’, and s the dis- 
tance from the solid-liquid interface toward the 
bulk liquid at a given time t. The partition ratio is 
assumed to be equal to a partition constant K. Thus, 


c”,/c’, = K ats = 0. {1] 


The difference in the specific volume between the 
liquid and the solid phase may be disregarded. In 
view of the discontinuity of the concentration of the 
solute at the interface according to Eq. 1, u(c’, — 
= uc’, (s = 0)(1 — K) gram-atoms B per 
unit area per unit time are rejected at the interface 
and have to diffuse toward the bulk liquid. From 
Fick's first law it follows that 


uc’,(s = 0)(1—K) = [2] 


The concentration profile in the liquid near the 
interface depends on the interplay of diffusion and 
convection as is discussed in the following sections. 
A schematic concentration profile is shown in Fig. 1. 
The “effective thickness of the diffusion boundary 
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layer” 8.x, may be defined as the distance of the 
intersection of the tangent line on the c’, vs s curve 
at s = 0 and the extrapolated horizontal plateau of 
the bulk concentration c’,..,. Thus, according to Fig. 


( c's ) C' nm) — C's (8 = 0) [3] 


os Bere 


Transformation of Eq. 3 yields the following ana- 
lytical definition of &.,,: 


l Caw — 0) ( 4] 


Upon substituting Eq. 3 in Eq. 2 and eliminating 
c’,(s = 0) with the aid of Eq. 1, the ratio of the 
concentration of B in the solid phase to that in the 
bulk liquid is obtained as 

K 
= [5] 
C ne» 1 — (8,,,u/D) (1 — K) 


Since the difference in the specific volumes of the 
two phases is disregarded, the concentration ratios 
on the left-hand side of Eqs. 1 and 5 may be re- 
placed by the corresponding mol fraction or weight 
fraction ratio in order to express results in a more 
usual manner. Thus 


K 


where N”, and N’,,,, are the mol fractions and [%B]’ 
and [%B]"., are the weight percents of component 
B in the solid and in the bulk liquid, respectively. 

To apply Eqs. 5 and 6, the linear solidification 
rate u must be known. The value of u is related to 
the mass rate of solidification, dm”/dt, by the equa- 
tion 


[6] 


dm”/dt = p"Au [7] 
where p” is the density of the solid and A is the 
solid-liquid interface area. In many cases the mass 
rate of solidification is determined by the heat con- 
ducted away from the interface per unit time. In 
some cases, the interface area A is given by the 
geometry of the experimental set-up, especially 
when the solid-liquid interface is virtually plane, 
e.g., during the growth of single crystals. In many 
cases, however, the solid-liquid interface area is not 
plane and may, therefore, be much larger than esti- 
mated from the geometry of the container. This is 
especially true when dendrites are formed. In the 
following calculations, a virtually plane interface is 
presumed. Limitations of this approach are discussed 
below. 

If the composition of the solid differs from that 
of the liquid from which it is formed, the composi- 
tion of the liquid varies with the advancement of 
solidification. Likewise the composition of the solid 
formed at different stages of the solidification process 
varies. Hence, there result local concentration dif- 
ferences in the solid after the solidification has been 
completed. This is called segregation. The greater 
the deviation of the ratio c”,/c’»,,.. from unity at a 
given time, the greater, in general, will be the local 
differences in composition of a solidified ingot. Thus, 
it follows from Eq. 6 that segregation is favored by: 
l—a small value of the partition constant K, 2—a 
low linear solidification rate, 3—a high value of the 
diffusion coefficient D, and 4—a low value of the 
effective thickness of the diffusion boundary layer. 
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Fig. 1—Schematic concentration distribution of component B 
near the solid-liquid interface. 


Convection of the liquid may lead to a nearly uni- 
form distribution of the rejected portion of solute B 
in the liquid and thus to a gradually increasing con- 
centration c’,,,,. This causes macrosegregation. With- 
out convection, microsegregation prevails. 

Attention is called to the following apparent para- 
dox. Stirring minimizes concentration differences 
within the liquid and thus virtually equilibrium be- 
tween solid and bulk liquid may be reached. This, 
however, results in a maximum concentration dif- 
ference between the bulk liquid and the outer layer 
of the solid corresponding to the value of K given 
by the phase diagram. On the other hand, without 
convection, there may be a considerable concentra- 
tion difference between the bulk liquid and the liquid 
near the solid-liquid interface, but the composition 
of the outer layer of the solid may be virtually equal 
to the composition of the bulk liquid. Thus, an ingot 
solidified under conditions causing the uttermost 
state of nonequilibrium in the liquid may have an 
almost uniform composition. 

In many cases, the value of 4,,, is not computable 
from first principles. Then Eq. 6 may be used to 
calculate 6,,, from observed values of N”, and N’,,,, 
or [%B]” and [% B]’,,, if u is known. Thus, 


D 


u 1—K 


From Eq. 8 it follows that there is a maximum 
value 8yerimex. if the difference in concentration be- 
tween the solid and the bulk liquid vanishes, i.e., if 
N”, Hence 


D/u. [9] 


The existence of a maximum value of 4,,, is a 
rather unusual feature in contradistinction to other 


boundary layer problems. 
Upon substitution of Eq. 9 in Eq. 6, it follows that 


[%BY'w 


K 


1 ya K) [10] 


The degree of segregation is, therefore, deter- 
mined by the value of K and the ratio 8.,,/8.¢¢imex)- 
Convection leads to significant segregation only if 
convection is sufficiently vigorous in order to yield 
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Table |. Distribution of SrCi, between Solid and Liquid KCI for 
Different Rates of Growth According to Kelting and Witt’ 


Mol Fraction of S8rCl, in Solid 


Mol Fraction 


of SrCl, in u = u 1.7x10° 

Bulk Liquid em/sec em/sec 
0.86x10-* 0.4x10-* 
6x10- 1.5x10~ 0.7x10- 


a value of 4,,, which is substantially less than the 
value Of Bercimas D/u according to Eq. 9. 

In liquid metallic solutions the diffusion coefficient 
is of the order of 3x10° cm’ per sec. If the rate of 
solidification is 1 cm per min, or u 0.017 cm per 
sec, the value Of Byrn. equals 1.8x10° cm. This 
indicates a rather small thickness of the diffusion 
boundary layer under most conditions. 

In the following sections, the concentration dis- 
tribution in the liquid is calculated for special con- 
ditions. Thus the value of 5,,, is eliminated from the 
foregoing equations in order to obtain the concen- 
tration ratio c”,/c’s., in terms of the significant 
macroscopic variables. 


Solidification without Convection 

Solidification without convection in the liquid will 
be considered first. Natural convection will not take 
place if the solid-liquid interface is horizontal and 
the alloying element B increases the density so that 
the liquid alloy at the solid-liquid interface has a 
higher density than the bulk liquid above. If a 
liquid metal with a temperature slightly above its 
melting point T, is poured into a flat mold with a 
very thick wall, the rate of solidification is essen- 
tially determined by heat conduction in the wall, the 
heat capacity of the wall, and its initial tempera- 
ture T,. In the limiting case of an infinitely thick 
wall, the solid-liquid interface advances propor- 
tionally to the square root of time as has been de- 
rived theoretically by Feild,‘ Lightfoot,” Schwarz,* 
Ruddle,’ and others. Thus the distance Y of the 
solid-liquid interface from the wall of the mold as 
a function of time may be assumed to be given as 


Y = [11] 


where a is a constant having the dimension length’/ 
time, e.g., cm’/sec. 

Under these conditions atoms of type B which are 
rejected at the solid-liquid interface remain in the 
boundary layer whose thickness increases propor- 
tionally to the square root of time. The composition 
of the bulk liquid remains unchanged until the very 
end of the solidification when finally the thickness 
of the boundary layer becomes of the order of the 
thickness of the bulk liquid. 

The concentration ratio c”,/c’»», for a plane solid- 
liquid interface has been calculated by a straight- 
forward solution of the diffusion differential equa- 


Table I. Distribution of Constituent B Due to Natural Convection” 


nin) Cor 


u, Cm/See K = K = 05 K=02 K=O! 
0.001 0.96 0.82 0.44 0.24 
0.003 1.00 1.00 0.93 0.67 
0.01 1.00 1.00 1.00 1.00 

* The following values are assumed: height of solid-liquid inter- 

face 1 em; D 3x10 em* per sec; kinematic 
em® per sec relative density difference 
Be’ am 0.03, where o tis the density of the bulk liquid "and 


is the density of pure liquid metal A 
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tion (see Appendix A). It is independent of time 
and determined by the equilibrium constant K in 
Eq. 1 and the ratio of the constant a in Eq. 1 to the 
diffusion coefficient D of the liquid alloy. The fol- 
lowing limiting result is noteworthy: 


1 


[12] 
1 + K)/K](D/a) 


if—a/D>> 1. 
2 


For the solidification of steel ingots, Chipman and 
FonDersmith"® have reported a value of a = 0.083 
cm* per sec, which is much greater than the diffusion 
coefficient of alloying elements in steel (D = 3x10° 
cm* per sec). Under these conditions, no noticeable 
segregation without convection can be expected 
except for very small values of K. This result may 
be generalized. The value of a will always be much 
greater than the value of D if the temperature of 
the mold is several hundred degrees lower than the 
melting point, since the heat conductivity of non- 
metallic molds and the other values determining a 
except for the temperature difference between alloy 
and mold are always of the same order of magni- 
tude. In principle, the temperature difference can 
be made sufficiently small so that a becomes of the 
order of D. If a== D = 3x10° cm’ per sec is assumed, 
it follows from Eq. 11 that 1 cm of solid metal is 
obtained after a time as long as 10 hr. This indicates 
that in general a will be much greater than D. 

Very low solidification rates occur when single 
crystals are grown. Usually a constant solidification 
rate is maintained. Tiller, Jackson, Rutter, and 
Chalmers* have suggested a solution, which may be 
qualitatively correct but cannot be considered as a 
rigorous solution because Eq. 7 of their paper does 
not satisfy Fick’s second law and the boundary con- 
dition at the solid-liquid interface stated above in 
Eq. 2. The most characteristic feature is the fact that 
the distribution ratio depends on time and finally 
tends to unity. 

Although solidification rates used for the growth 
of single crystals are relatively small, the distribu- 
tion ratio of a solute between solid and bulk liquid 
may differ from the equilibrium ratio as is indicated 
by the dependence of the experimental distribution 
ratio on the rate of solidification (see Table I). 


Natural Convection 

In the case of a vertical solid-liquid interface, 
natural convection plays a decisive part. If the 
alloying element B enriched at the solid-liquid inter- 
face increases the density p’ of the liquid, a down- 
ward flow along the solid-liquid interface takes 
place. Conversely, a lower density of the boundary 
layer leads to an upward flow. The velocity v of the 
flow parallel to the interface is a function of the 
distance s from the interface and the distance x from 
the upper or lower end of the interface where the 
flow starts. The velocity and the concentration dis- 
tribution may be calculated from differential equa- 
tions similar to those for natural convection in the 
case of heat transfer (see Appendix B). The ratio 
of the concentrations in the solid and the bulk liquid 
is determined by the value of K and a dimensionless 
group & (see Fig. 2). 

Numerical values compiled in Table II indicate 
that natural convection leads to significant concen- 
tration differences between the solid and the liquid 
phase only if the solidification rate is relatively low. 
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Convection Due to Ascending Gas Bubbles 

In rimmed steel ingots, segregation is more pro- 
nounced than in killed steel ingots.” This indicates 
that ascending gas bubbles formed by the reaction 
C (in liquid Fe) + O (in liquid Fe) = CO (gas) 
decrease the effective thickness of the diffusion 
boundary layer. A straightforward theoretical anal- 
ysis of conditions in a boundary layer involving 
ascending gas bubbles is not available. 

A similar situation occurs if magnesium is dis- 
solved in an aqueous solution of hydrochloric acid. 
Roald and Beck" have shown that diffusion of HCl 
to the metal-solution interface is the controlling 
factor. For magnesium rods revolving with high 
speed (6400 rpm), the dissolution rate is propor- 
tional to the HCl! concentration, i.e., the effective 
thickness of the diffusion boundary layer is deter- 
mined essentially by the rotation of the rod. In the 
case of magnesium rods at rest, however, the dis- 
solution rate increases proportionally to a power of 
the HCl concentration greater than unity, because 
the effective thickness of the diffusion boundary 
layer decreases with increasing gas evolution. Since 
the volume of gas evolved per unit area per unit 
time is not the only factor determining the effective 
thickness of the diffusion boundary layer, no direct 
correlation to rimmed steel ingots is possible. 

It is also known that ascending gas bubbles in- 
crease the rate of heat transfer from a solid wall 
to a boiling liquid. The geometrical conditions for 
heat transfer, however, differ substantially from 
those for the aforementioned problems of mass 
transfer, because vaporization takes place at the 
gas-liquid interface of a bubble and thus heat con- 
duction from the solid-liquid interface to the liquid- 
gas interface is decisive, whereas for the solidifica- 
tion of an alloy or dissolution of magnesium in acid, 
mass transfer between the solid-liquid interface and 
the bulk liquid is the controlling factor. Heat trans- 
fer from a wall to a boiling liquid is, therefore, not 
analogous to mass transfer between the liquid-solid 
interface of a solidifying alloy and the bulk liquid. 


Forced Convection 

The effective thickness of the diffusion boundary 
layer may also be decreased by forced convection 
of the liquid, e.g., by stirring as usually applied in 
thermal analysis. Vigorous stirring may preclude 
marked concentration differences across the bound- 
ary layer so that the composition of the originating 
solid phase is virtually the equilibrium composition 
corresponding to the bulk liquid. 

The concentration ratio c”,/c’»,», may be calcu- 
lated theoretically for solidification of an alloy at 
the surface of a rotating disk. For laminar flow 
the hydrodynamic equations have been solved by 
von Karman” and Cochran.” The thickness of the 
hydrodynamic boundary layer is determined by the 
angular velocity » of the disk and the kinematic 
viscosity of the liquid and is independent of the dis- 
tance from the axis. A straightforward calculation 
yields the concentration of B as a function of the 
distance from the solid-liquid interface. Hence it 
follows that 

K 


= 1 


where 


fly) = exp [14] 
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Fig. 2—Concentration ratio c”,,/c’y,,, a8 @ function of the dimen- 
sionless group 
45vu'x 
8g Be’ nin 
where v is the kinematic viscosity of the liquid, x is the distance 
from the leading edge of the boundary layer, g is gravitational 
acceleration, and = | Olnp’/ Oc’, |. 


with r as a variable of integration and the dimen- 
sionless group y defined as 


[15] 


From Eq. 13 it follows that rather high angular 
velocities are required in order to obtain a distribu- 
tion ratio close to the equilibrium value K. For in- 
stance, for K = 0.5, u == 0.01 cm per sec, »v = 0.1 cm’ 
per sec, and D = 3x10° cm’ per sec, an angular 
velocity of # = 75 sec” corresponding to 12 revolu- 
tions per second is needed in order to obtain halfway 
equilibrium between solid and bulk liquid, i.e., 
c”»/C'nw, = 0.75. In view of Eqs. 13 to 15, the re- 
quired angular velocity is inversely proportional to 
the square of the rate of solidification u and there- 
fore decreases rapidly if a lower solidification rate 
is used. 

Stability Problems 

The foregoing analysis shows that the composition 
of the solid will be close to the composition of the 
bulk liquid unless the linear rate of solidification is 
very low, or vigorous stirring is provided. This seems 
to be contradictory to general experience since sig- 
nificant segregation does occur in many cases. To 
resolve this apparent conflict, it is necessary to take 
into consideration the stability of the boundary 
layer. It will be shown that a boundary layer in- 
volving a concentration difference higher than about 
one atomic percent is not stable. 

Rutter and Chalmers’ have pointed out that dif- 
ferent local concentrations of solute B in the liquid 
correspond to different solid-liquid equilibrium tem- 
peratures according to the phase diagram. When 
solute B is enriched at the solid-liquid interface, the 
equilibrium temperature at the interface is there- 
fore lower than the equilibrium temperature at any 
point remote from the interface. The following cases 
are to be considered: 

1—If there is a steep temperature gradient in the 
liquid and the solute concentration is very low, the 
actual local temperature in the liquid may every- 
where be higher than the local equilibrium solidi- 
fication temperature (see Fig. 3a). In this case no 
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a—For a stable state of the b—For a metastable state 
boundary layer. of the boundary layer. 
Fig. 3—Temperature distribution and local equilibrium solidification 
temperature at the solid-liquid interface. Curve 1—Local tempero- 
ture of the solid. Curve 2—Local temperature of the liquid. 
Curve 3—Local equilibrium solidification temperature. 


part of the liquid will solidify except at the inter- 
face. 

2—If the solute concentration is higher, there will 
be a region where the actual local temperature is 
below the local equilibrium solidification tempera- 
ture (see Fig. 3b). Such a state is unstable but not 
impossible. The rate of nucleation of the solid phase 
is significant only when the degree of supercooling 
#, defined as the difference between the actual tem- 
perature and the equilibrium solidification tempera- 
ture, exceeds a critical value AT,, which in most 
alloys is of the order of several degrees. In view of 
the high heat conductivity of metallic phases, tem- 
perature differences within the boundary layer, i.e., 
over a distance of 10° to 10° cm, are always small, 
in general less than 1°C, and may be disregarded in 
most cases. The degree of supercooling @(s) at dis- 
tance s from the solid-liquid interface is, therefore, 
proportional to the difference between the concen- 
tration of solute B at the solid-liquid interface and 
the local concentration 


@(s) == [N’,(s = 0) — N’,(s)] x dT/dN’,| 
if dT/ds = 0 [16] 


where |dT/N’,, is the absolute value of the slope of 
the liquidus. Thus 

l1—If @ <AT,, the thermodynamic instability of 
the boundary layer has no consequences. 

2—If @ >AT,, rapid nucleation in the boundary 
layer takes place. The occurrence of such a bound- 
ary layer is, therefore, ruled out. 

For a melting point of 1000°K « 700°C of the 
solvent metal A and a value of K<0.3, the value of 
dT/dN’,| is of the order of 1000°. Then it follows 
from the condition @ <AT, that the concentration 
difference across the boundary layer cannot exceed 
1 atomic pct if AT, == 10°. The permissible concen- 
tration difference will be even less if the critical 
temperature difference for a significant nucleation 
rate is lower than 10°. 

Upon equating the right-hand side of Eq. 16 for 
N’,(s) N'» to AT,, solving for N’,(s =— 0), and 
substituting in Eq. 1, a maximum value of the con- 
centration ratio between the solid and the bulk liquid 
is obtained, 


AT, 
). [17] 
N' 


Eq. 17 does not invalidate equations derived above 
but rather limits the linear solidification rate u by 


= (i+ 
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an “adjustment” of the solid-liquid interface area A. 
Thus, according to Eq. 7, a relatively low linear 
solidification rate may result and accordingly the 
distribution ratio of a solute between solid and liquid 
may become much closer to the equilibrium ratio 
than has been estimated in the foregoing sections for 
special conditions. 

For instance, if K = 0.5, and |dT/dN’,| = 1000°, 
AST, = 5°, and N’,., S 0.005, the distribution ratio 
c”,/C' sm, Can assume any value between K = 0.5 and 
unity. 

For values of N’,.,, > 0.005, the range of c”s/c's., 
is restricted in view of Eq. 17 as is illustrated by 
the following data: 


== 0.01; 0.02; 0.05; 0.10. 
em, S 0.75; 0.625; 0.55; 0.525. 


At higher concentrations, more severe segregation 
is, therefore, expected. 

Use of a definite value AT, in Eq. 17 is, of course, 
only an approximation. Actually, the nucleation rate 
is a continuous function of temperature, i.e., the 
value of AT, is not a constant. Olsen and Hultgren” 
have found that Cu-Ni alloys cooled at extremely 
high rates do not exhibit noticeable segregation. 
This indicates that at high solidification rates the 
effective AT, value may be higher than at slow cool- 
ing rates. Then according to Eq. 17 the minimum 
value of c”,/c’», is raised and, eventually, c”»/c's.», 
may approach unity. 

Rutter and Chalmers’* have discussed the local 
solidification rate at a solid-liquid interface involv- 
ing protruding parts and have shown that the solidi- 
fication rate at protruding points is higher if there 
is “constitutional supercooling’” of the boundary 
layer shown in Fig. 3b. In other words, a solid- 
liquid interface will tend to “buckle.” According to 
Rutter and Chalmers’® even very low concentrations 
of alloying elements, e.g., 0.03 atomic pct, may lead 
to the formation of a “corrugated interface,” whose 
area is somewhat greater than the apparent inter- 
face area. 

This effect may be considered as the onset of 
dendrite formation, which becomes significant at 
higher concentrations of alloying elements. 


Concluding Remarks 


In view of stability limitations, the foregoing cal- 
culations can be applied directly only to the solidi- 
fication of alloys involving very low concentrations 
of solutes, because at higher concentrations the 
linear solidification rate is not directly related to 
the mass rate of solidification. It has been shown 
that under most conditions no significant segregation 
is expected if the solute concentration is low. On the 
other hand, significant concentration differences be- 
tween solid and liquid are expected and observed 
if the solute concentrations are of the order of sev- 
eral atomic percent, and dendrites are formed. At a 
given mass rate of solidification, an alloy involving 
0.1 atomic pct B may, therefore, exhibit only slight 
segregation, whereas at a concentration of 3 atomic 
pet B pronounced segregation will occur. Segrega- 
tion of constituent B is also expected if the concen- 
tration of B is low, e.g., 0.1 atomic pct, and another 
solute C is present at a concentration of several 
atomic percent whereby dendrites are formed and 
the linear solidification rate is considerably decreased 
in comparison to an alloy containing only 0.1 atomic 
pet B. 
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In this paper, incomplete establishment of the dis- 
tribution equilibria of alloying elements between 
the solid and the liquid phase is not considered. 
Deviations from Eq. 1 as a function of the growth 
rate are of considerable theoretical interest. Ref- 
erence is made to recent investigations on the solidi- 
fication of germanium by Hall.” 
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Appendix A 
Concentration Distribution without Convection 
When an alloy solidifies without convection and 
the rate of solidification is determined by heat flow 
into the wall of a mold according to Eq. 11, the con- 
centration c’, of solute B in the liquid may be cal- 
culated as follows. Fick’s second law reads 


= [18] 
where y is the distance from the mold-metal inter- 
face. The initial condition is 
[19] 


According to Eq. 1 the equilibrium condition at 
the solid-liquid interface is 


c's = C” for y> 0, t= 0. 


= aty = (at)”. [20] 
In view of Eq. 11, Eq. 2 becomes 
Me t (1 K) (c's), 
= — D(0c',/2t), [21] 


Except for the end of the solidification process, 
solutions for a semi-infinite liquid may be used. 
Eqs. 18 to 21 are satisfied by 


Cc’, 


(1 — K)erfe(y/2D"t'*) 


)exp(— a/4D) —(1 — K)erfe(a’*/2D") 
[22] 


C 


c”. 


C aw 


K 
erfc(a®/2D%) 
( 2D” exp(— a/4D) 


For large arguments z of the complementary error 
function the following approximation may be used 


[23] 


erfez = /z)(1— %z*+...). 
Substitution of Eq. 24 in Eq. 23 gives Eq. 12. 


Appendix B 
Concentration Distribution Determined by 
Natural Convection 
Beckmann and Schmidt” have derived the dif- 
ferential equations which determine velocity and 
temperature distribution in the case of heat transfer 
controlled by natural convection. Similar equations 
hold for mass transfer. According to von Karman,” 
Goldstein,” Eckert,” and others, an approximation 
may be obtained by introducing appropriate poly- 
nomials for the velocity and the concentration dis- 


[24] 
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tribution as functions of distance s in order to avoid 
the cumbersome numerical solution of differential 
equations. 

According to von Karman,” the shearing stress at 
the solid-liquid interface, given by the product of 
dynamic viscosity » of the liquid and the velocity 
gradient (@v/2s),.., is equal to the sum of the 
buoyancy of the boundary layer per unit interface 
area and the change in the flow of momentum per 
unit width per unit length in the flow direction. The 
latter term can be disregarded because for y/p'D>>1 
the effect of inertia is important only at large dis- 
tances from the solid-liquid interface.” Thus 


p(0v/08),. = Apds [25] 
where g is the gravitational acceleration, Ap is the 
absolute value of the difference between the local and 
the bulk density of the liquid, and 4 is a distance at 
which practically the bulk concentration is reached. 
The density difference may be expressed as 


Ap == Bp’. C' nw) [26] 
where p’, is the density of the bulk liquid and 
1 Op’ 
= —— 27 


is a constant. 
Upon substituting Eq. 26 in Eq. 25 and introducing 
the kinematic viscosity v = p/p’s, it follows that 


v(0v/08), = B(c’, — ds. [28] 


The flow velocity and the thickness of the bound- 
ary layer increase along the solid-liquid interface. 
Thus the mass rate also increases in the flow direc- 
tion. On the other hand, the boundary layer looses 
the mass p”u per unit area per unit time owing to 
solidification where p” is the density of the solid 
phase. Accordingly there is an inflow of liquid into 
the boundary layer with a flow velocity v, at s = 8 
normal to the solid-liquid interface. The equation 
for the conservation of mass reads 


pudy + pu = pw [29] 
In Eq. 29, local density differences and the density 
difference between the liquid and the solid phase 
may be disregarded. Thus Eq. 29 becomes 


d 
dx 


The balance of component B in a volume element 
of the boundary layer of width b and thickness 8 
between x and x + dz is calculated as follows: 

1—The gain of component B per unit time due to 
inflow of liquid normal to the solid-liquid interface 
is 

2—The gain of component B per unit time due to 
flow parallel to the solid-liquid interface at distance 
x is 


[30] 


4 
b Jf c’,vds),. 
3—The loss of component B per unit time due to 
flow parallel to the solid-liquid interface at distance 
x + dz is 
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b + o| | dz. 


4—The loss of component B per unit time due to 
transfer of B from the liquid to the solid phase is 
c” ,ubdz. 

‘Thus the steady-state balance reads 


d 
= [ f c’,vds eax + uc” ,bdz. [31] 


Upon substituting Eq. 30 in Eq. 31 and dividing 
Eq. 31 through by bdz, it follows that 


fe ds + uc” 

C vds = 

de +c u uc » 
[32] 


To obtain an approximate solution by means of 
the method suggested by von Karman,” the follow- 
ing approximate expressions for the velocity and the 
concentration in the boundary layer as functions of 
the distance s from the solid-liquid interface are 
introduced 


v = v,[2(s/8) — (s/8)*] forO Ss sh 


= Com + [c",/K Caml - s/5)* 
forOSsS8 [34] 


[33] 


where v, is the flow velocity parallel to the solid- 
liquid interface at the outer side of the diffusion 
boundary layer (s = 4) and c”,/K is the concentra- 
tion of B in the liquid phase at s = 0 according to 
Eq. 1. The functions assumed in Eqs. 33 and 34 are 
admittedly arbitrary but different functions yield the 
same order of magnitude for the quantities of prac- 
tical interest, especially (c’,/Os), and 
From Eq. 34 it follows that 


= —2[c',(s = 0) 78. [35] 
The value of 6 based on Eq. 34 is therefore twice 
the value of 4,,, defined by Eq. 4, 


B= Warr. [36] 


Substituting Eq. 36 in Eq. 5, 
K 
37 


Substituting Eqs. 33, 34, and 37 in Eq. 28 and 
solving for v,, 


GBC’ — K)® 


— (42u8/D) (1 —K) ] 
Substitution of Eqs. 33 and 34 in Eq. 32 yields 


— )u= {[e"»/K — vd}. [39] 


15 dx 

Substituting Eqs. 37 and 38 in Eq. 39, dividing 

through by uc’,», and regrouping, 
K 

1 — (%ud/D) (1 — K) 
GBC’ pm u(l — 
Upon introduction of the dimensionless groups 


= uds/D = [41] 


1 — 


[40] 
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45vu‘x 


| 
{ [1—o(1—K)}’ 
[43] 


Transforming and integrating Eq. 43, 
[5e* — 3(1 — K) de 
* (l—e){1—e(1—K)]* 


A closed solution of the integral on the right-hand 
side of Eq. 44 may be obtained but its numerical 
evaluation requires less labor. 

Substitution of Eq. 41 in Eq. 37 yields 

K 
= ; 45 
Com 1—o(1—K) J 


An auxiliary graph é vs o for selected values of K 
according to Eq. 44 was prepared. From this graph 
and Eq. 45 values of c”,/c’,., were calculated and 
plotted vs é, see Fig. 2. 

The distribution of the solute between the solid 
and the liquid phase therefore depends on: 1—the 
value of the equilibrium constant K, and 2—the 
value of the dimensionless group é defined in Eq. 42, 
in which the solidification rate u is the most im- 
portant factor. 


€= (1—K) [44] 
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news 


To Speak at Annual Meeting Welcoming Luncheon 


EADING off with the Welcoming 

Luncheon at the Hotel Statler, 
the Annual Meeting in New York, 
February 15 to 18, will present one 
of the most attractive lists of social 
functions in its history. 

Prime attraction of the Welcoming 
Luncheon Monday will be Dr. Gray- 
son Kirk, president of Columbia Uni- 
versity. Dr. Kirk will speak on the 


GRAYSON KIRK 


Bicentennial Celebration of Colum- 
bia. Special tables have been re- 
served for wives of men at the head 
table, student paper award winners, 
and ladies of advanced years attend- 
ing the meeting. Price for the Wel- 
coming Luncheon is $4.50. James 
Boyd is Chairman of the Welcoming 
Luncheon committee. Members of 
the committee assisting him are: 
Mrs. Francis Cameron, Mrs. Lyman 
Hart, Darwin Pope, W. J. Turner, 
Julian W. Feiss, and Park Hodges. 

The Penn Top and Sky Top rooms 
of the Statler will be open from 6:00 
pm to 7:30 pm Monday for the pre- 
smoker cocktail party, free to all 
registrants. Annually, the cocktail 
party has served to help renew old 
friendships and strike up new ones. 
The party is under the sponsorship 
of several companies. 

With the Latin Quarter show as 
the feature attraction, the Dinner- 
Smoker will begin at 8:00 pm Mon- 
day. The Latin Quarter is one of 


New York's most famous night clubs 
and its shows are always spectacular. 
The current edition is said to be one 
of the greatest in the club’s history. 
The costuming is unusual, the talent 
resplendent, and the acts better than 
ever. Price for the Latin Quarter 
show and the Dinner-Smoker has 
been pegged at $10.00. C. DeWitt 
Smith is Chairman of the committee, 
while Louis C. Raymond serves as 
Vice-Chairman. Committee mem- 
bers are Frederick R. McIntosh, 
Joseph B. Terbell, and Austin Good- 
year. The Michigan School of Mines 
will hold a cocktail party and din- 
ner in the Penn Top North Statler 
Hotel, at 6:00 pm on Tuesday. 

One of the most attractive events 
Tuesday evening will be the Infor- 
mal Dance, scheduled to start at 9:00 
pm. Refreshments wil be available 
throughout the evening. An audi- 
ence participation program has been 
planned and door prizes will go to 
lucky ticket holders. Tickets for the 
dance are $3.50 each. C. P. Jenney 
is Chairman of the committee, with 
Mrs. Robert Rowan and David T. 
Steele assisting him. 

The Montana School of Mines 
Alumni group will meet for cock- 
tails at 6:30 pm on Tuesday, and 
dinner will be at 7:30 pm in Parlor A 
at the Statler. Ladies are invited. 

Tickets for the Scotch Breakfast, 
slated for Tuesday morning are $5.00. 
The breakfast, a tradition of the Min- 
erals Beneficiation Div., will include 
entertainment and will be held in 
the Cafe Rouge of the Statler. 

The Annual Banquet will be held 
at 7:00 pm in the Waldorf Astoria 
Ballroom. Presentation of awards 
and honors will follow dinner and it 
is guaranteed that there will be no 
long speeches. All those attending 
will receive favors. The President's 
Reception will be held in the East 
Foyer following award presentations. 
Dancing will be from 10:00 pm to 
2:00 am. Tickets for the Banquet 
are $12.00 each. While dress is op- 
tional, black tie is preferred. Mem- 
bers of the Banquet Committee are: 
J. T. Sherman, Chairman; John 
Payne, Jr., Vice-Chairman; Kenneth 
E. Hill; Henry W. Hitzrot; W. A. 
Mudge; Robert B. Fulton; Frank R. 
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Milliken; Mrs. E. H. Robie, and Mrs. 
H. DeWitt Smith. 

Registration for ladies who are 
members of WAAIME will be $1.00, 
and for nonmembers $2.00. The New 
York Section of the WAAIME will 
be hosts at a welcoming coffee party 
immediately after Monday morning 
registration. Monday's round of so- 
cial functions will of course include 
the Welcoming Luncheon and even- 
ing cocktail party. The WAAIME 
will hold its Annual Meeting Tues- 
day morning. A Luncheon and Fash- 
ion Show follows on the Starlight 
Roof of the Waldorf Astoria, with 
each lady receiving a favor. Tickets 
are $6.00 each. The Informal Dance, 
Banquet, and round table discussion 
round out the week's activities. 

Evan Just has been performing 
the various and many tasks of the 
Annual Meeting Reception Commit- 
tee. Assisting him have been Alvin 
W. Knoerr, Rene J. Mechin, J. F. 
Meyers, John F. Ffolliott, James 
Wroth, and Clement Pollock. Robert 
Ramsey is Chairman of the Gen- 
eral Committee. Alvin W. Knoerr is 
Secretary. Vice-Chairmen of the 
group are G. Howard LeFevre, and 
John Ffolliott, while James S. 
Vanick is Treasurer. 

The following winners of the 1953 
National Student Prize Paper Con- 
test have been announced, and they 
have been invited to be guests 
of the Institute at the Welcoming 
Luncheon at the Annual Meeting. 
All are undergraduates, no graduate 
papers of sufficiently high standard 
having been entered this year. 

Russell M. Corn, Student Associ- 
ate at Montana School of Mines, for 
his paper Fluorite Deposits in the 
Dry Creek District near Superior, 
Mineral County, Montana, entered 
by the Montana Section. 

James Milo Stewart, Student As- 
sociate at the University of Kansas, 
for his paper, Calculation of Gas Re- 
serves in a Small Kansas Gas Pool, 
entered by the Kansas Section. 

James Lommel, Student Associate 
at the Illinois Institute of Technol- 
ogy, for his paper, Isothermal Grain 
Growth in OFPC Copper, entered 
by the Chicago Section. 
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LEO F. REINARTZ 
President, AIME, 1954 


ALK to Leo F. Reinartz, the people who know 

him, and the men who work under him, and one 
transcending factor emerges—his devotion through- 
out his industrial career to a philosophy of team- 
work and cooperation. 

It has been the idea he has carried during his 44 
years with Armco Steel Corp.—from chemist to 
vice-president in charge of mines, quarries, and 
special operating development. His philosophy has 
spilled generously over into community life. Mr. 
Reinartz plans to bring that feeling for teamwork 
and cooperation to the AIME Presidency. 

Couple this attitude with a quiet confidence and 
Leo Reinartz begins to take form as a concrete in- 
dividual with reverence for the inquisitive mind and 
faith in the future of the steel industry. 
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The day in 1909 when he came to Armco Steel: 
was a big one for Leo Reinartz. He was a young 
man fresh from Carnegie Institute of Technology. 
The years behind him had been important ones— 
filled with experience and learning. The years ahead 
would see him become open hearth foreman, super- 
intendent of open hearths, assistant general super- 
intendent, manager of the Middletown Div., and 
assistant vice-president. He held the position of 
manager for 21 years. 

Mr. Reinartz came from a large family. With five 
brothers and one sister, even the $35 per year tuition 
at Carnegie Tech presented problems. An odd as- 
sortment of jobs furnished the money for room, 
board, and books. In his freshman year Mr. Rein- 
artz worked as conductor on a Pittsburgh streetcar. 
Later, he was employed as a laboratory assistant 
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and he also taught chemistry to nuns. Summers he 
worked on a farm for a dollar a day. If it rained, 
Mr. Reinartz recalled, he wasn’t paid. 

When Mr. Reinartz was a student at Carnegie 
Tech, practical applications were emphasized. Not 
enough time was devoted to theory, according to Mr. 
Reinartz. He feels that metallurgical engineering 
curriculum today is better adjusted to the needs of 
the student. However, Mr. Reinartz makes two res- 
ervations. He says “there is a definite need for more 
instruction in personal and public relations. Young 
engineers should be taught that every business has 
a personality—good, bad, or indifferent. They must 
learn that they have an important part to play in 
the shaping of that personality. There is also a need 
for greater emphasis on the Humanities. The engi- 
neer must be a whole man—not just a technician or 
scientist.” 

Foundation for his views stems from his years as 
a student in Pittsburgh and his earlier years in East 
Liverpool, Ohio, where he was born. Mr. Reinartz 
feels that bad management and lack of understand- 
ing were responsible for many of the strikes that 
ripped Pittsburgh during the first part of the 20th 
century. Conversely, his Lutheran minister father 
had been the arbitrator in a number of strikes in 
East Liverpool. Mr. Reinartz early learned the effi- 
caciousness of common sense in labor disputes. And 
there were other, more personal battles fought in 
East Liverpool. Contracting polio at the age of 
three, Mr. Reinartz struggled to regain the use of 
weakened muscles. With his mother as an inspira- 
tional force, he endeavored to make his mind do the 
work his muscles could not, and at the same time 
he started using the gym at the YMCA under special 
dispensation. A measure of his success is indicated 
by the fact that he made his high school track team 
as a high jumper and competed later on in Armco 
industrial track meets. 

It was across the river from East Liverpool at 
Chester, Va., that the desire to become part of the 
metals industry was born. Invited with his father 
to inspect a tin plate mill, Mr. Reinartz saw red hot 
sheets of metal, felt the heat, and heard the noise 
and decided they added up to the most glamorous 
thing in the world. He says, “I decided that it was 
the kind of work I wanted to do and I never changed 
my mind.” Today, ask Leo Reinartz if he has a 
hobby and he answers, “My vocation, avocation, and 
continuing interest is the making of better steel.” 

In keeping with this absorption with his life’s 
work, Mr. Reinartz has been one of the driving 
forces behind the National Open Hearth Conference 
of the AIME since attending its first meeting in 
1925. Serving as its Chairman for 18 years, he 
strove mightily to make it a successful dynamic 
organization. He believes that the interchange of 
steelmaking knowledge promoted by the National 
Open Hearth Conference did much to make possible 
the tremendous increase in steel production from 
already existing facilities during World War II. Mr. 
Reinartz is now a Life Member of the National Open 
Hearth Conference. 

All of Mr. Reinartz’s 44 years with Armco have 
been at the Middletown works. He went there be- 
cause a college professor had told him it was a com- 
pany with a future. He knew little more about the 
corporation. A lot of Middletown residents knew 
even less. During his first years with Armco he set 
about learning all he could about open hearths. In 
addition to many technical improvements he has 


been responsible for certain other things—perhaps 


less tangible but of great importance. He helped 
convince the plant’s operating and labor force that 
good housekeeping and good steel production go to- 
gether. Mr. Reinartz started a campaign to enliven 
the inside and outside of the plant by use of bright 
colors and the planting of trees, flowers, and grass 
around the grounds. 

Also as manager he began a newsletter to em- 
ployees, telling them what was going on in the com- 
pany. Today, the various works managers continue 
the practice. He sees Institute headquarters serving 
somewhat the same function of information dis- 
tribution. 

“Headquarters should serve as a clearing house 
for local sections, with its primary function the sup- 
plying of information and the giving of aid to local 
groups. It is the place where local sections are 
helped to help themselves. Institute control should 
be decentralized, with no group or individual exer- 
cising more than a fair share of authority.” 

Mr. Reinartz also feels that the office of the presi- 
dency cannot be successfully carried out by one 
man. The phenomenal growth of the AIME makes 
its imperative that the Institute’s chief executive 
get help. 

“I plan to form a voluntary group to assist in 
spreading the Institute gospel to colleges and local 
sections. Right now, AIME interest among certain 
faculty members and student bodies is not as intense 
as it could be. If the AIME story is presented prop- 
erly I am sure we can look forward to the growth 
of strong campus student chapters.” 

Mr. Reinartz is a member of a long list of tech- 
nical and civic groups. Among them are: American 
Management Assn.; Iron & Steel Engineers Assn.; 
National Chamber of Commerce; Board of Directors 
of the Hospital Care Assn., South West Ohio; Min- 
erals and Metals Advisory Board, National Academy 
of Sciences; Vice President, Middletown Savings 
& Loan Assn.; Treasurer, Middletown Industrial 
Councii; Board of Directors, Middletown Safety 
Council; Chairman, Red Cross Blood Procurement 
Committee, Middletown; and Board of Regents, 
Capital University, Columbus, Ohio. 

Mr. Reinartz maintains an interest in developments 
in steelmaking abroad as well as in the U. S. One 
plan for his term as AIME President is a trip to 
Europe to cement already good relations with engi- 
neers in England and on the Continent. 

A chat with Leo Reinartz leaves the impression 
that here is a man whose eyes are on the future. He 
has no use for the prophets of doom and feels that 
“the next 50 years will bring marvels to the steel 
industry that will literally dwarf those of the last 50.” 

One day in 1916 stands out in Mr. Reinartz’s mind. 
On that day he had a new promotion, a new wife, 
and a new home. He married Mathilda Zix and 
was also named open hearth superintendent. Mr. 
and Mrs. Reinartz had two daughters and a son. The 
son, Leo Reinartz, Jr., was killed while leading a 
tank charge on Leyte in 1944. He is survived by a 
daughter born three months before her father’s 
death. Mr. Reinartz has one interest aside from pro- 
fession and community—his five grandchildren. 

Mr. Reinartz served as Vice-President of the AIME 
from 1945 to 1948 and has been a Member of the 
Board of Directors. He is a Past Chairman of the 
Iron and Steel Div., Past Chairman of the Member- 
ship Committee, and served for many years on the 
Physical Chemistry of Steelmaking Committee. 
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AIME Members working toward making the next Pacific Northwest Conference in 
Portland, Ore., a success are, from left to right, Hal Seykota, Bill Wiltschko, Don W. 


Johnson, and Frank X. Cappa. 


Four metals sessions will feature 
the Pacific Northwest Conference 
April 29 to May 1 at Portland, Ore. 
Headquarters for the meeting will 
be the Multnomah Hotel. 

Francis X. Cappa is serving as 
General Chairman of the conference, 
with Harold A. Lee, G. R. Heffer- 
nan, and S. E. Maddigan, assisting 
in arranging the metals part of the 
schedule. Plant tours, luncheon and 
top interest speakers are slated for 
the program. 


The Pacific Northwest Conference 
started eight years ago, with a one- 
day industrial minerals session, un- 
der the sponsorship, on a rotational 
basis, by the Oregon, North Pacific, 
and Columbia Sections. Since then, 
it has grown to its current three day 
format and includes industrial min- 
erals, applied geology, groundwater 
resources, minerals industries edu- 
cation, extractive metallurgy, iron 
and steel, and physical metallurgy. 


Preliminary Budget 
For 1954 Adopted 


A preliminary budget for 1954 was 
adopted by the Executive and Fi- 
nance Committees of the AIME at 
their Dec. 16, 1953 meeting. It will be 
reviewed and a final budget adopted 
next spring. Income for 1954 is set 
at $697,000 and expenses $678,300, 
leaving an expected surplus of $18,- 
700 for further replenishment of re- 
serve funds which were virtually 
exhausted to meet the deficits of 
1946-50. Income from dues is ex- 
pected to be $366,500, or 53 pct of the 
total; advertising should net $233,000, 
or 33 pet; sales of publications, $72,- 
500, or 10 pct; and initiation fees, 
$21,000, or 3 pet. 

Major expense is for publications, 
$374,800, or 55 pct of the total. Service 
of one kind or another to Branches, 
Divisions, Local Sections, Student 
Chapters, and members totals $132,- 
000, or 19 pct. This includes the ex- 
pense of the Salt Lake office, a good 


164—JOURNAL OF METALS, FEBRUARY 1954 


share of the expense of the Dallas 
office except that charged to publi- 
cations; membership promotion and 
processing, Local Section appropria- 
tions and Section Delegates’ travel, 
salaries and expenses of Division and 
Branch secretaries, and library serv- 
ice. The remaining quarter of Insti- 
tute income, $171,500, is expected to 
cover all expenses of the Secretary’s 
office including his travel; expenses 
of the business office, including office 
management, purchasing, accounting, 
filing, shipping and receiving, Ad- 
dressograph, Miultilithing, orders, 
and all expense chargeable to the 
Directory; pensions and related ex- 
pense; insurance, and depreciation. 

Branchwise, income is expected to 
be $314,445 for Mining, $189,435 for 
Metals, and $193,120 for Petroleum. 
Expense is divided $290,960 for Min- 
ing, $206,272 for Metals, and $181,068 
for Petroleum. Present division of 
the AIME membership is Mining, 
48.5 pct, Petroleum 26 pct, and Metals 
25.5. Compared with ten years ago 
this represents an increase of about 


10 percentage points for the Petro- 
leum Branch and a decrease of like 
amount for the Mining Branch. 

In considering a rough draft of the 
budget prepared by the staff, the 
Committees decided to reduce ex- 
penses by $4500 through a reduction 
in the number of Institute of Metals 
Transactions pages from 750 to 650, 
and by postponing the next issue of 
the AIME Directory to early 1955. A 
supplement, similar to that issued 
last spring, containing the names of 
officers and committee personnel, 
will, however, again be issued in the 
spring of 1954. An important item in 
the cost of the complete Directory is 
now some $6000 for postage, as the 
volume must now be sent by third 
class mail instead of second class as 
a separate section of the journals. 


To Welcome Foreign 
Scientists and Engineers 


The Cooperative Research Founda- 
tion plans to establish a number of 
international science centers to 
serve foreign scientists and engi- 
neers visiting the United States. Di- 
rect working relationships between 
foreign scientists and their col- 
leagues in the regions to be served 
by the centers will be promoted. 
State or local academies of science 
will cooperate. The centers will pro- 
vide local facilities for the visitors, 
especially those whose visits are 
sponsored by private interests. The 
first of these centers has been estab- 
lished by the Foundation at the 
headquarters of the California Acad- 
emy of Sciences, Golden Gate Park, 
San Francisco, Calif. Robert L. 
Champion is director, the cable ad- 
dress “Core”, and the telephone 
number Bayview 1-7314. A New 
York office ill probably be estab- 
lished. 


ASARCO Is Host To 


Physical Metallurgists 


The American Smelting & Refin- 
ing Co. was host to the Physical 
Metallurgy Group of the New York 
Section AIME on Nov. 13, 1953. In 
the afternoon A. J. Phillips, vice- 
president and director of research, 
and A. A. Smith, Jr., superintendent 
of research dept., arranged a guided 
tour through the new central re- 
search laboratories at South Plain-- 
field, N. J. 

Prof. Frederick Seitz of the Uni- 
versity of Illinois spoke on Diffu- 
sion in Metals. W. C. Ellis, Chair- 
man of the Physical Metallurgy Sub- 
section, was in charge. 


The name of Tenney C. DeSol- 
lar was omitted from the list 
of Legion of Honor previously 
published. 


a Committee Plans Northwest Conference Program 

| 
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No Decision Reached 
On Engineering Building 


New York, Pittsburgh, and Chi- 
cago continue to be in the running 
for the location of the proposed new 
building for the national engineer- 
ing societies. A representative group 
spent December 8 in Pittsburgh. 
and were welcomed by the top in- 
dustrial leaders of that city. Advan- 
tages of selecting Pittsburgh for a 
national engineering center were 
pointed out at a luncheon and din- 
ner meeting and in a sightseeing 
trip. At least a million dollars was 
promised to help finance the pur- 
chase of land and erection of a suit- 
able building. This would probably 
be either in the new Gateway Center 
in the “Golden Triangle” or in the 
university area some two miles east. 

A small committee has been ap- 
pointed to estimate as accurately as 
possible the relative costs of facili- 
ties in the midtown area of New 
York, in the suburbs of New York, 
in Pittsburgh, and in Chicago. Vari- 
ous types of buildings will be con- 
sidered. The committee's report will 
then be presented to the boards of 
the Founder Societies and of the 
AIChE. A legal decision has been 
asked as to whether the proceeds 
from the sale of the present Engi- 
neering Societies Building in New 
York could be used to help finance 
a building outside of the city. 


Pittsburgh Section And 
NOHC Hold Meeting 


The joint meeting of the Pitts- 
burgh Section and the National Open 
Hearth Committee, AIME, was held 
in the William Penn Hotel on Nov. 
6, 1953. The morning session com- 
bined metallurgy and operations. The 
first metallurgical subject, Improv- 
ing Analysis in the Open Hearth, 
was presented in the form of a panel 
discussion. The panel brought out 
that differences exist in the method 
of attacking the off-heat problem in 
individual plants, but it was evident 
that metallurgists and operators in 
the various plants consider the im- 
provement of analysis performance 
one of their important objectives. 
The second topic, Blocking Practices 
for Quality Killed Steels, discussed 
the objective of achieving the lowest 
cost practice consistent with metal- 
lurgical requirements from a variety 
of angles. 

The afternoon session combined 
refractories and combustion groups. 
The refractories part consisted of 
prepared papers on Sealing Open 
Hearth Furnaces Against Air Infil- 
tration and Survey of Handling 
Methods in Pittsburgh District Open 
Hearth Shops. Papers on combus- 
tion were Effect of Design Changes 
on the Performance of a Modern 
Open Hearth Furnace, and Combi- 
nation Fuel Burners. 


Members of the Institute of Metals 
Div., AIME also spent the day in two 
technical sessions. Eight papers on 
such subjects as joining, titanium 
alloys, deposition of metals from the 
vapor state, notch toughness of car- 
bon plate steels, and gas in metals 
were presented. 


Additional Award Given 


To Prize Paper Contest 


An additional award of $100 for 
graduate students in the National 
Student Prize Paper Contest has 
been authorized. Hereafter, winners 
in Local Section contests will have 
six chances instead of five to win 
further honors. There will be three 
undergraduate prizes of $100 each 
and three graduate prizes of the 
same amount. One prize in each 
group will be given each to students 
in Mining, Metals, and Petroleum, 
provided their papers are of a suffi- 
ciently high caliber. Junior Mem- 
bers will hereafter be eligible, as 
well as Student Associates, if they 
are doing at least half of their work 
in preparation for a Master's degree. 


Powder Metallurgists 
Hold December Meeting 


A meeting of the so-called Hob- 
nob group of powder metallurgists 
was held in New York City on Dec. 
9, 1953 in association with the New 
York Section AIME. The meeting 
was opened by a brief talk on the 
problems in the production of oil- 
less bearings and structural parts. 
It was presented by Leon J. Printz, 
Amplex-Oilite products div., Chrys- 
ler Corp. who pointed out the diffi- 
culties which can arise as a result 
of nonuniformity of metal powders. 
A discussion period brought out the 
unanimous opinion that close coop- 
eration between powder producer 
and fabricator is essential, and that 
much effort and time is being spent 
to maintain standards and improve 
quality. 

A panel discussion on the prac- 
tical aspects of sintering was then 
held. L. D. Richardson, Wright Air 
Development Center, presented the 
problem of sintered cermets and 
other high temperature materials. 
Jack Kurtz, Kulite Tungsten Co., 


outlined sintering methods em- 
ployed in the field of refractory 
metals, and J. F. Kuzmick, Welded 
Carbide Tool Co., described hot 
pressing or pressure sintering of 
cemented carbides. Soft magnetic 
bodies and permanent magnets 
which present entirely different 
problems in sintering were 
cussed by Robert Steinitz, American 
Electro Metal Corp. 


St. Louis Section 
Honors H. R. Hanley 


At the Dec. 11, 1953 meeting of the 
St. Louis Section AIME, a resolution 
was adopted citing the 30 year’s of 
service Herbert R. Hanley has given 
to the St. Louis Section. The cita- 
tion was presented on the occasion 
of his departure for service as a 
technical advisor to the State Dept. 
in Formosa. 

The following officers for the year 
1954 were elected: Henry R. Bianco 
of St. Joseph Lead Co., Chairman; 
J. W. MacDonald of the Old Ben 
Coal Co., Vice-Chairman; and Carl 
H. Cotterili of American Zinc, Lead 
& Smelting Co., Seeretary-Treasurer. 
The speaker for the meeting was C. 
Roger Sutton, senior metallurgist, 
reactor div., Argonne National Labo- 
ratory. Mr. Sutton discussed the ma- 
terials used in atomic piles, both the 
reacting fuel and the structural 
members, with respect to unusual 
characteristics demanded of them. 


L. Jaffe Addresses 


Boston Local Section 


The Dec. 7, 1953 meeting of the 
Boston Section was held in the MIT 
Faculty Club. Leonard Jaffe of the 
Watertown Arsenal spoke on the 
work being carried out on the physi- 
cal metallurgy of titanium, and Paul 
Allen of the National Lead Co. dis- 
cussed various raw material sources 
of titanium. Peter Kosting, Chair- 
man of the Section, presided at the 
dinner meeting. 

On Jan. 11, 1954 the Boston Sec- 
tion had Andrew Fletcher, Past- 
President of the AIME, and E. H. 
Robie, Secretary of AIME, as speak- 
ers. Mr. Fletcher’s main topic was, 
“The U. S. is Not a Have-Not Na- 
tion,” and Mr. Robie spoke on AIME 
activities. 


At the Chicago Section meeting on Jan. 6, 1954, W. H. Durrell, general manager, 
Hollinger-Hanna Ltd., spoke on the Labrador-Quebec iron ore development. Pictured 
from left to right are H. W. Johnson, AIME Director and vice-president of Inland Steel 
Co., W. H. Durrell, L. H. Timmins, president, Chromium Mining & Smelting Corp., 


Ltd., and C. G. Ball, vice-president, Paul Weir Co. 
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Personals 


Anthony J. Kolk, Jr., Rudolph M. 
Kosar, and Marvin A. Salovon have 
joined the metallurgy dept. of Hori- 
zons, Inc., Princeton, N. J. 


Roland 8. Higgins is associated with 
Lake Erie Engineering Corp., Buf- 
falo, N. Y. 


Dave Wooster has been appointed 
works engineer of Basic Refrac- 
tories, Inc., Gabbs, Nev. 


Frederick M. Meigs has been named 
assistant general manager of foreign 
operations, General Aniline & Film 
Corp., New York. 


Bart C. Dickey has been appointed 
process development engineer in the 
production dept. of Acheson Col- 
loids Co., Port Huron, Mich. 


N. H. Collisson and M. F. Meissner 
have been appointed vice-presidents 
for operations of Olin Industries, 
Inc., East Alton, IIL. 


Frank M. Hunter has been appointed 
service engineer for Acheson Col- 
loids Co., Port Huron, Mich. 


Horace W. Higgs has been appointed 
assistant general superintendent of 
smelting and refining for the Cerro 
de Pasco Corp. He will be stationed 
at La Oroya, Peru. 


William J. During has been elected 
president of the Precision Castings 
Co., Inc., Syracuse, N. Y. 


Sam DuPree has been made general 
manager of all industrial products 
and Herman R. Thies has been made 
general manager of all chemical 
products, Goodyear Tire & Rubber 
Co. 


J. D McPherson was appointed as- 
sistant manager of the manufactur- 
ers chemicals dept., industrial chem- 
icals div., American Cyanamid Co. 


Melvin B. Monson, formerly mana- 
ger of the work order dept., Chicago, 
Joseph T. Ryerson & Son., Inc., has 
been flamed assistant manager of 
the company’s Milwaukee steel ser- 
vice plant. 


James H. Giles, Jr., has been ap- 
pointed the Porcelain Enamel Insti- 
tute’s research fellow at the Nation- 
al Bureau of Standards, Washing- 
ton, D. C. 


Robert K. Beck was elected presi- 
dent of the Apex Smelting Co., Chi- 
cago. Mr. Beck was vice-president 
and general manager. 


C. Burton Clark, a member of the 
research dept. of Harbison-Walker 
Refractories Co., has been named 
senior mineralogist. 
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Rush A. Lincoln has been appointed 
chief metallurgist by the Allegheny 
Ludlum Steel Corp. He is at present 
manager of sales development and 
engineering service. Dr. Lincoln 
joined Allegheny in 1935. In 1940 he 
was appointed associate director of 
research on stainless steel and in 
1946 joined the sales development 
and engineering service dept. as 
manager. 


A. J. LENA 


Adolph J. Lena has been appointed 
associate director of research at Al- 
legheny Ludlum Steel Corp. He will 
be in charge of the physical metal- 
lurgy section of the research dept. 
Dr. Lena was formerly research 
metallurgist. 


L. W. Cashdollar is with the Pitts- 
burgh Metallurgical Co., Inc., Pitts- 
burgh. He had been associated with 
the Union Electric Steel Corp., Car- 
negie, Pa. 


William Johansen, general sales 
manager of Magnesium Co. of 
America, has been elected vice- 
president in charge of sales. 


Valentine Boise has joined the New 
York office of General Dyestuff 
Corp. as market manager, industrial 
dyestuffs. 


Chalmer G. Kirkbridge, president 
and director, Houdry Process Corp., 
Philadelphia, has been elected presi- 
dent of the American Institute of 
Chemical Engineers for 1954. Bar- 
nett F. Dodge, professor of chemical 
engineering and head of the chemi- 
cal engineering dept., Yale Univer- 
sity, was elected vice-president. 


Jan M. Krol, formerly chief metal- 
lurgist with the Sintercast Corp. of 
America, New York, has joined the 
Welded Carbide Tool Co., Clifton, 
N. J., as vice-president. 


Joseph iucrsheim has been pro- 
moted to -hief engineer, Rockwell 
Mfg. Co., Norwalk, Ohio. He had 
been project engineer at the Home- 
wood plant. 


Charles B. Elledge, General Electric 
Co., Schenectady, N. Y., has been 
elected president of the Material 
Handling Institute, Inc. Mr. Elledge 
is currently manager of materials 
handling industries sales for GE. 


L. L. Garber, vice-president, H. K. 
Porter Co., Inc., Pittsburgh, has 
been elected a director, vice-presi- 
dent, and general manager of the 
Alloy Metal Wire Co., a newly ac- 
quired div. of the Porter Co. 


Arthur C. Wilby has retired as vice- 
president of the U. S. Steel Corp., 
Chicago. He will be succeeded by Ed- 
ward C. Logelin. Prior to becoming 
vice-president in 1946, Mr. Wilby 
was director of public relations 
for U. S. Steel in the Chicago dis- 
trict for eight years. 


R. R. Williams was appointed assis - 
tant manager of the Colorado Fuel 
& Iron mining dept. He was superin- 
tendent of blast furnaces at the 
Pueblo plant for the past six years. 
The post of assistant manager is a 
newly created position in the min- 
ing dept. John Munson will succeed 
Mr. Williams as superintendent of 
blast furnaces. 


Robert E. Byrne has been appointed 
chief engineer and Charles T. 
Mooney was named _ production 
superintendent of Worcester Pressed 
Steel Co. 


William L. Healy, General Electric 
Co., Philadelphia, was _ reelected 
president of the Standards Engi- 
neers Society. 


Samuel Katz, geophysicist at Stan- 
ford Research Institute, has won the 
1953 George Frederick Kunz prize 
in geology and mineralogy awarded 
by the New York Academy of 
Sciences. 


Kenneth H. Klipstein has been ap- 
pointed general manager of the 
newly created research div., Ameri- 
can Cyanamid Co. 


Lewis K. Silleox, honorary vice- 
chairman of the board, New York 
Air Brake Co., New York, N. Y., 
was recently elected president of 
the ASME. 


Carl Gustafson has been appointed 
director of mechanical maintenance 
for the Colorado Fuel & Iron Corp., 
and will be located at Pueblo. He 
will continue to be superintendent of 
the mechanical dept. at Pueblo. 


j 
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H. R. HANLEY 


H. R. Hanley, professor Emeritus of 
of metallurgical engineering, Uni- 
versity of Missouri, is in Formosa to 
organize a dept. of nonferrous met- 
allurgy at the University of Taiwan. 
He is expected to remain in For- 
mosa for a year or more. Dr. Hanley 
is a graduate of the School of Mines 
and Metallurgy, University of Mis- 
souri. For 16 years he was associ- 
ated with the Bully Hill Copper 
Mining & Smelting Co. He joined 
the staff at the School of Mines in 
1923. 


Denis J. Bobka is a service-sales en- 
gineer for the Timken Roller Bear- 
ing Co., rock-bit div., Spokane, Wash. 


Jerry Singleton has been appointed 
executive secretary of the Magnes- 
ium Assn., New York. 


Frederick Walker, American Smeli- 
ing & Refining Co., has been trans- 
ferred from Los Angeles to New 
York. 


George O. Bohrer has been named 
chief engineer of Magnesium Co. of 
America, East Chicago, Ind. For the 
past three years, Mr. Bohrer was an 
assistant plant manager for Conti- 
nental Can Co., Chicago. 


Obituaries 


L. E. Young, An Appreciation 
by M. D. Cooper 

Lewis Emanuel Young was born 
in Topeka, Kan., on Qct. 1, 1878, and 
died in Pittsburgh, Pa. on Dec. 27, 
1953. 

A graduate of Pennsylvania State 
College in the Class of 1900, he went 
to Iowa State College, where he was 
an instructor in mining and a gradu- 
ate student, leading to the degree of 
Engineer of Mines. Becoming pro- 
fessor of mining engineering at Colo- 
rado School of Mines, he remained 
at Golden from 1904 until 1907 when 
he was appointed director of the 
Missouri School of Mines. He served 
there for six years, until he joined 
the Illinois Geological Survey with 
which he was associated until 1917. 
While with the Survey, he also be- 


came assistant professor of business 
administration at the University of 
Illinois and did graduate work, earn- 
ing the degree of Doctor of Philoso- 
phy. An honorary Doctor of Engi- 
neering was conferred upon him by 
Missouri School of Mines and by 
Colorado School of Mines. 

In 1918, Lewis Young began his 
association with Union Collieries Co. 
of St. Louis, first as a mining engi- 
neer and later as general manager. 
In 1947, he became production vice- 
president of the Pittsburgh Coal Co. 

From 1939 until his death, Dr. 
Young was engaged as a consulting 
engineer. He was especially inter- 
ested in development, operation, and 
management of mines in coal, lime- 
stone, potash, and copper in the 
United States and Canada. He in- 
spected mines in South America, 
Turkey, England, Scotland, and Ger- 
many. 

Lewis E. Young joined the Ameri- 
can Institute of Mining and Metal- 
lurgical Engineers in 1901 and be- 
came a Member of the Legion of 


L. E. YOUNG 


Honor in 1951. He served as Direc- 
tor from 1937 to 1941, Vice-President 
from 1941 to 1945, and President in 
1949. Greatly devoted to the Insti- 
tute, he was active in its meetings 
and contributed frequently to its 
publications. He was an Honorary 
Member of the Institute of Mining 
Engineers of England, and a member 
of state mining organizations and 
professional societies in the United 
States. 
RESOLUTION 

WHEREAS, LEWIS E. YOUNG 
achieved eminent success in three 
principal fields of activity in mining 
as teacher, mine official, and consult- 
ing engineer, and rendered distin- 
guished service to the American 
Institute of Mining and Metallurgi- 
cal Engineers as Member, Director, 
Vice-President, and President, there- 
fore be it 

RESOLVED, that the Directors of 
the Institute, convened at the meet- 
ing in January 1954, express their 
high regard for Lewis E. Young; 
their great sense of loss in his death; 


and enter this resolution in the min- 
utes of the meeting, and send a copy 
to Mrs. Lewis E. Young. 


The year 1949, when Lewis E. 
Young was President of the Insti- 
tute, coincided with my first vear as 
Secretary. It was a year of major 
reorganization, of four-hour Board 
meetings, of establishment of three 
new journals. Dr. Young’s contribu- 
tion of time, talent, interest, effort, 
and money in this emergency was 
priceless. To me, especially in that 
year, but in earlier and later years 
as well, his wise counsel and friendly 
cooperation will never be forgotten. 
He was a man of great professional 
ability, keen and earnest interest in 
everything he set out to do, unspar- 
ing of himself in the things that he 
undertook. He was a favorite of the 
Institute staff, of whom he knew a 
large number. One of the most dis- 
tinguished characteristics of a gentle- 
man is that he does not discriminate 
in his interest or courtesy, and on 
this score Dr. Young ranked at the 
top. 

A multitude of Institute members 
will sincerely and personally mourn 
his sudden death.—Edward H. Robie. 


Louis J. Ensch (Member 1945) died 
Sept. 9, 1953 in Luxembourg. He 
was a metallurgical engineer and 
general director of Cia. Siderurgica 
Belgo-Mineira, Belo Horizonte, Bra- 
zil. Mr. Ensch was born in Luxem- 
bourg in 1895 and after finishing his 
university studies there in 1920 be- 
came steel plant and mill engineer 
for the Aciéries Réunies de Burbach. 


Eero Makinen (Member 1948) died 
Oct. 27, 1953. He was managing 
director of Outokumpu Oy, Helsinki, 
Finland, and had been with the com- 
pany since 1921. Mr. Miakinen was 
born in Sortavala, Finland, in 1886 
and earned his Ph.D. at the Univer- 
sity of Helsinki, his E.M. at the 
Technical University of Stockholm. 
A geologist with the Geological Sur- 
vey of Finland, he lectured for sev- 
eral years on mineralogy at the 
University and Technical University 
in Helsinki. Mr. Makinen wrote 
numerous technical articles and bul- 
letins, as well as Common Minerals 
and Metals, a popular account in 
Finnish for the general reader. 


LeRoy Gilleland Hetrick (Member 
1937) died on Nov. 23, 1953. He was 
born in Lincoln, Neb. and attended 
schools at Denver, Colo. From 1909 
to 1919 he was with the Mine & 
Smelter Supply Co., Denver. He then 
joined the Denver Fire Clay Co. as 
a price clerk and worked his way up 
to district manager. During World 
War I he was in the Army. At the 
time of his death he was district 
manager for the Denver Fire Clay 
Co., located in El Paso, 
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William B. Greenlee (Member 1920) 
has died, according to Institute rec- 
ords. Mr. Greenlee was born at Chi- 
cago in 1872 and graduated from 
Cornell University in 1895 (B.S.). 
During his career he was an officer 
and director of the Greenlee Bros. 
Co., Rockford, Ill, the Greenlee 
Foundry Co., Northwestern Stove 
Repair Co., and Northwestern Foun- 
dry Co., Chicago. He later became 
president of the latter three firms 
and was made vice-president and 
treasurer of Greenlee Bros. Co. 


David Porter Hale, Jr., (Member 
1934) formerly with the Mine & 


Smelter Supply Co., died on Nov. 3 
1953. Mr. Hale was a graduate of 
the Missouri School of Mines, grad- 
uating in 1934 with a BS. After 
graduation he accepted a position 
with the Zulu Gold Mines at Payson, 
Ariz. He was also employed by the 
San Juan Metals, Telluride, Colo.; 
Kelsey Mining Co., Placerville, Calif.; 
Weepah Nevada Mining Co., Wee- 
pah, Nev.; Arkansas Mining Corp., 
Malvern, Ark.; and Cartersville 
Barium Corp., Cartersville, Ga., 
where he became manager. From 
1940 to 1946 he was in the Army 
with the Corps of Engineers. Upon 


his discharge he joined the Mine & 
Smelter Supply Co. as a metallurg- 
ical engineer. 


Necrology 

Date Date of 
Elected Name Death 
1919 George S. Baton Dec. 27, 1953 
1928 Frank M. Brewster May 1953 
1915 John L. Dynan Nov. 24, 1953 
1921 Ellis A. Hall Unknown 
1930 P.E. Henry Unknown 
1949 Geoffrey Jeffreys Oct. 28, 1953 
1937 R. W. Michael Dec. 22, 1953 
1949 Ralph G. Mickle, Jr. Nov. 24, 1953 
1940 William H. Nikola Dec. 17, 1953 
1952 Richard Schoof, Jr. Dec. 4, 1953 
1916 A. T. Ward Dec. 15, 1953 
1883 Pope Yeatman Dec. 5, 1953 
1901 Lewis E. Young Dec. 27, 1953 


Proposed for Membership 


— Metals Branch AIME— 


Total AIME membership on Dec. 31, 1953 
was 19,718; in addition 2195 Student Associ- 
ates were enrolled, 


ADMISSIONS COMMITTEE 

O. B. J. Fraser, Chairman; Philip D. Wilson, 
Vice-Chairman; F. A. Ayer, A. C. Brinker, 
R. H. Dickson, Max Gensamer, Ivan A. 
Given, Fred W. Hanson, T. D. Jones, G. W. 
Lutjen, E. A. Prentis, Sidney Rolle, J. T. 
Sherman, F. T. Sisco, R. L. Ziegfetd. 

The Institute desires to extend its privi- 


leges to every person to whom it can be of 
service, but does not desire as members per- 
sons who are unqualified. Institute members 
are urged to review this list as soon as possi- 
ble and immediately to inform the Secre- 


tary's office if names of people are found 
who are known to be unqualified for AIME 
membership 

In the following list C/S means change of 
status; R, reinstatement; M, Member; J, Jun- 
tor Member; A, Associate Member; S, Student 
Associate 


California 
Pasadena—Pollit, Waiter M, (M) 


Illinels 

Alton—Lambert, Ronald F. (M) 
Chicago-—-Ames, Richard N. (J) 
Chicago--AuBuchon, Edward L. (M) ‘(c/S— 
J-M) 

Chicago—Ebert, Charles R. (A) 
Chicago—Olsen, Willard A. (M) 
Chicago—Rudin, William L. (M) (C/S—J-M) 
Chicago—Straub, David R. (M) 
Harold C. (M) (C/S—J-M) 


Indiana 

East Chicago—Levine, Barry H. (J) 
Hammond—Alexander, John A. (J) 
Hammond—Madrzyk, Edmund S. (J) 


Kentucky 
Hal W., Jr. (M) (C/S— 
-~M) 


Massachusetts 
Cambridge—King, Thomas B. (M) 


Michigan 
~Gratmiller, Robert D. (S) (R. 


Missouri 
University City—Clauser, John M. (A) 


Montana 
Butte-—Furgeson, Harry E. (A) 


New Jersey 

Bound Brook—Deily, Richard L. (M) 

Fair Haven—Gagnebin, Albert P. (M) 

Metuchen—Armant, David L. (M) 

~Michal, Eugene J. (M) (C/S— 
- 

be Orange—Cook, Harry C. (M) (C/S— 
-M) 


New York 

Albany—Szymanski, Walter J. (J) 

New York—Hammond, Beatrice L. (J) 

York—Perlman, Burton (J) (R.C/S— 
-J) 

Syracuse—Klier, Eugene P. (M) (C/S—A-M) 

Tonawanda—Westfall, Edgar R. (M) (R. M) 
Waterford—Aggen, George (J) 


Ohie 
William C. (M) (Cc/S— 
) 


Euclid—Greenlee, Charles A. (A) (R.C/S— 
S-A) 

Marior—Grover, Marion P. (M) 
Joseph O. (M) (Cc/S— 
- ’ 


Pennsylvania 
Datlas—Marvel, Irvin L. (A) 
Greensburg—Cameron, Joseph A. (M)) (C/S 


—J-M) 

William D. (M) (Cc/S— 
-M) 

Pittsburgh—Pettigrew, David W., Jr. (M) 
(C/S—J-M) 

Pittsburgh—Pierce, William B. (M) 


Tennessee 
Oak Ridge—Hinkle, Norman E. (J) 


Texas 
Bellaire—Medders, Weldon L. (M) 
El Paso—Paul, Robert B. (M) (C/S—J-M) 


Washington 

eeeee- Nelson, Thomas C., Jr. (M) (C/S 
—J-M) 

Tacoma—Krisman, Emil M. (M) (R.C/S— 
J-M) 

Wisconsin 

Waukesha—Parana, William J. (A) 
Waukesha—Williams, Warren C. (M) 


Argentina 
Jujuy—Nicodemo, Miguel A. (M) 


Canada 

Ottawa—Fisher, Henry J. (M) (C/S 
——J-M) 

France 

St. Germain-en-Laye—Crussard, Charles (M) 
St. Germain-en-Laye—Husson, Louis G. (M) 


Japan 
Yokohama City—Shunji, Kuriyama (M) 


Feb. 2, AIME, Chicago Section, Chicago Bar 
Assn., Chicago. 


Feb. 6-8, Indian Institute of Metals, 31 Chow- 
ringhee Rd., Calcutta 16, India. 


Feb. 15-18, AIME, annual meeting, Metals 
Branch, Hotel McAlipin; Mining and Pe- 
Branches, Hotel Statler, New 

ork. 


Feb. 17-19, Seminar on Speetrescepy, Uni- 
versity of Florida, Gainesville, Fila. 


Mar. 3, AIME, Chicago Section, Chicago Bar 
Assn., Chicago. 


Mar. 4-5, American Seclety for Metals, mid- 
winter meeting, Hotel Statier, Boston. 


Mar. 8-10, Amertean Institate of Chemical 
Engineers, Statler Hotel, Washington, D. C. 


Mar. 10, AIME, Connecticut Section, Ameri- 
ean Brass Co., Torrington, Conn. 


Mar. 15-19, National Assn. of Corrosion Engi- 
neers, Municipal Auditorium, Kansas City. 


Mar. 17, AIMEE, National Hearth Steel 
Committee, Western tion, Rodger 
Young Auditorium, Los Angeles. 


Mar. 24-26, American Power Conference, an- 
nual meeting, Sherman Hotel, Chicago. 
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Coming Events 


Apr. 5-7, AIME, Blast Furnace, Coke Oven, 
Raw Materials Conference, Palmer House, 
Chicago. 


Apr. 5-7, AIME, National Open Hearth Con- 
ference, Palmer House, Chicago. 


Apr. 5-7, American Seciety of Lubrication 
Engineers, annual meeting and exhibit, 
Cincinnati. 


Apr. 7, AIME, Chicago Section, Chicago Bar 
Chicago. 


Apr. 21-23, Seuthern Industrial Wastes Con- 
ference, Hotel Shamrock, Houston. 


Apr. 26-28, Canadian Institute of Mining and 
Metallurgy, annual meeting, Mount Royal 
Hotel, Montreal. 


Apr. 26-30, American Society of Tool Engi- 
neers, industrial exposition, Convention 
Center, Philadelphia. 


Apr. 27, Assn. of Consulting Chemists and 
Chemical Engineers, Hotel Belmont Plaza. 
New York. 


Apr. 270-May 1, AIME, Pacific Northwest Met- 
als and Minerals Conference, Multnomah 
Hotel, Portiand, Oregon. 


Apr. 30-May 1, AIME, New England Regional 
Meeting, Bond Hotel, Hartford, Conn. 


May 2-6, Electrochemical Society, La Salle 
‘otel, Chicago. 


May 4-7, American Welding Society, national 
meeting, Hotel Statler, Buffalo. 


May 8-14, American Foundrymen’s Society, 
Cleveland Auditorium, Cleveland. 


May 16-17, American Institute of Chemical 
Engineers, Kimbal! Hotel, Springfield, Mass. 


June 20-23, Chemical Institute of Canada, 
Toronto, Canada. 


June 20-25, American Institute of Chemical 
Engineers, nuclear energy meeting, Uni- 
versity of Michigan, Ann Arbor, Mich. 


July 16-21, Joint Commission on Electron 
Micrescopy, international conference, Sen- 
ate House, University of London; London 
School of Hygiene and Tropical Medicine, 
Malet St., London, W. C. 1, England. 


July 19-20, International Conference, Me- 
chanical Effects of Dislocations in Crystals, 
University of Birmingham, England. 


July 21-28, International Union of Crystalle- 
graphy, general assembly and international 
congress, Paris. 


Oct. 3-7, Electrochemical Society, Inc., Stat- 
ler Hotel, Boston. 


Oct. 26, Assn. of Consulting Chemists and 
Chemical Engineers, Inc., annual sympo- 
sium and banquet, Hotel Belmont Plaza, 
New York. 
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Lectromelt* goes to Canada on a 


eee Department of Mines & Technical Surveys installs 


research job... 


200K v. 4 Lectromelt Furnace for experimentation 


Cheap electric power and plentiful mineral 
resources have led to Canada’s exploration 
of the economies and efficiency of electric 
smelting. A laboratory has been set up to 
test high temperature smelting and to deter- 
mine whether more desirable products can be 
obtained more practically by using electric 
furnaces. 

Highly satisfactory results already have been 
obtained in test production of ferroalloy-type 
material, according to the Division Chief head- 
ing the laboratory. 

It is anticipated that certain ores will be 
smelted experimentally to obtain informative 
data on costs and chemical reactions encoun- 


Manvfectured in . . . ENGLAND: Birlec, Lid., Birmingham . . . 
Paris... BELGIUM: S. A. Beige Stein et Roubaix, Bressoux-liege.. . 


Esponola, Bilbao . . 


FRANCE: Stein et Roubaix, 
SPAIN: General Electrica 
ITALY: Forni Stein, Genoa. JAPAN: Daido Steel Co., Lid., Nagoya 


tered. Also, the smelting problems of various 
refractory materials will be investigated. 

Expectations are that the cost of the pilot 
laboratory will be insignificant compared with 
the economies and material improvements that 
will result from this Canadian research. Perhaps 
you could benefit similarly by installing com- 
parable research facilities. 

Lectromelt Furnace engineering assistance is 
always available to you. Write on any problem. 
Also write for Catalog No. 105 which de- 
scribes many types of Lectromelt Smelting and 
Refining Furnaces, and their versatility. 
Pittsburgh Lectromelt Furnace Corporation, 
326 32nd Street, Pittsburgh 30, Pennsylvania. 


WHEN YOU MELT... 


T. M. U.S. PAT. OFF 


MOORE RAPID 


50,000 K.V. A. 
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SAVE ALL THE iL 


WAY WITH 


NATIONAL 


TRADE -MARK 


Record operating economies — so out- 
standingly established by “‘National’’ car- 
bon in blast furnace hearths—needn’t stop 
there! Now you can get the same advan- 
tages — longer life, lower maintenance, 
smoother operation—with carbon linings 
in blast furnace walls, in tuyere and in 
bosch sections. 


Present day economics indicate now, more 
than ever, a need for carbon “‘all the way’”’. 
Let’s talk itover in terms of your operation! 


The term “National” is a registered trade-mark 
of Union Carbide and Carbon Corporation 
NATIONAL CARBON COMPANY 

A Division of Union Carbide and Carbon 
30 East 42nd Street, New York 17, N.Y. 
District Sales Offices: Atlanta, Chicago, Dallas, 
Kansas City, New York, Pittsburgh, San Francisco 


OTHER NATIONAL CARBON PRODUCTS: 


ELECTRIC FURNACE ELECTRODES - CARBON BRICK AND RAMMING PASTE - TROUGH LINERS . 
MOLDS AND MOLD PLUGS - SKIMMER BLOCKS - SPLASH PLATES - TANK LININGS AND HEATERS 
a - HEAT EXCHANGERS AND PUMPS - BRUSHES FOR MOTORS AND GENERATORS | 
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Heat Treatment, Structure, and Mechanical Properties 
Of Ti-Mn Alloys 


by F. C. Holden, H. R. Ogden, and R. |. Jaffee 


Ti-Mn alloys were studied in order to determine the factors 
affecting the mechanical properties of 8-stabilized titanium alloys. 
The principal compositional factors have been found to be solid- 
solution strengthening, the martensitic transformation, and insta- 
bility of the 8 phase. Structural factors, such as grain size and 
shape, were found to have more influence on ductility and tough- 
ness than on strength. 


HE alloys of titanium with the f-stabilizing ele- 

ments offer the chief hope for developing useful 
heat treatments. Conversely, the heat-treatment re- 
sponse possible with the £-stabilizing elements causes 
difficulties such as weld embrittlement and thermal 
instability during service at elevated temperature. 
Therefore, it is of considerable technical importance 
to understand the factors that govern the heat- 
treatment responses in these alloys, so as to be able 
to soften the alloys if they are embrittled by an 
adventitious heat treatment, to render them stable 
in service, or to harden them while maintaining ade- 
quate ductility and toughness. 

The Ti-Mn system is a good example with which 
to demonstrate the factors that govern strength and 
heat-treatment response in a #-stabilized system. 
The region of the a-f transformation, after the work 
of Maykuth, Ogden, and Jaffee,’ is shown in Fig. 1. 
The a solubilities are low. This means that, in the 
two-phase a-£ field, partition of manganese between 
the two phases occurs practically only to the £ phase. 
The solid-solution effects are therefore chiefly the 
result of solution in the 8 phase. The eutectoid occurs 
at 20 pct Mn and 550°C, and proceeds very slug- 
gishly. It can be ignored in heat treatments in hypo- 
eutectoid alloys, except for long-time storage at low 
temperatures below the eutectoid temperature. Even 
here, there is some question that diffusion proceeds 
far enough to involve eutectoid decomposition. 

Three compositional factors bear on the mechan- 
ical properties and structure of titanium a-£ alloys. 
These are: 1—solid-solution strengthening, 2—mar- 
tensite transformation, and 3— A instability. Com- 
bined with the purely structural factors of grain size 
and shape, these govern the properties of the alloys. 

Perhaps the most important factor is solid-solution 
strengthening. The facts that manganese dissolves 
in a titanium to a maximum of only 0.5 pct and most 
of the manganese partitions to the 8 phase dominate 


F. C. HOLDEN is Principal Metallurgist, H. R. OGDEN, Junior 
Member AIME, is Assistant Supervisor, and R. |. JAFFEE, Member 
AIME, is Supervisor, Nonferrous Physical Metallurgy Div., Battelle 
Memorial Institute, Columbus, Ohio. 

Discussion on this paper, TP 3706E, may be sent, 2 copies, to 
AIME by April 1, 1954. Manuscript, July 22, 1953. Cleveland Meet- 
ing, October 1953. 
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Fig. 1—Compositions and heat treating temperature in relation 
to phase diagram of Ti-Mn system. Phase diagram from Maykuth, 
Ogden, and Jaffee,, M, curve from Duwez.” 


the structure and properties of the a-f alloys. Be- 
cause of the overwhelming preference of manganese 
for the 8 phase, the § phase is harder and the a 
phase is softer. The relative amounts of both phases 
may be modified by heat treatment in the a-£ field 
as application of the lever rule in the two-phase field 
clearly shows. 

A critical temperature in the Ti-Mn diagram is 
800°C. This is the 8 transus temperature of the 6.4 
pet Mn alloy, which has the lowest manganese con- 
tent which will form all retained-f8 phase on quench- 
ing to room temperature. Any quench performed 
from below 800°C will produce a structure consist- 
ing of only a, a plus retained £, or retained £, for 
alloys of the compositions used in this work. For 
alloys containing less than 6.4 pct Mn, any quench 
from above 800°C will always result in structures 
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Fig. 2—Cooling rate curves from 750°C. 


containing some martensite. Equilibrium or massive 
a will be present if the quench was performed from 
the a-f field. Otherwise, the structure will consist 
of martensite and retained § of the same composi- 
tion. As Duwez* has shown, the amount of martensite 
relative to retained 8 will decrease as the manganese 
content increases. The M, temperature decreases 
continuously with manganese content as shown in 
Fig. 1. Hardening results from undergoing the mar- 
tensite reaction, and this factor must be taken into 
account in considering the mechanical properties 
possible in this system. 

Instability of the 8 phase is a most important 
factor. The 8 phase can and does transform partially 
to a by nucleation and growth processes when it is 
heated at a temperature below its transus tempera- 
ture. Such transformation should result in soften- 
ing, because a is the softer phase. However, this 
happens only when the a transformation product is 
massive. If it is transformed into fine particles or 
as a submicroscopic array coherent with the £ lat- 
tice, considerable hardening takes place. Indeed, 
depending on the dispersion of the a phase, soften- 
ing, no change, or hardening can occur. The degree 
of dispersion can be modified by reheating tempera- 
ture and time, cooling rate from elevated tempera- 
ture, or isothermal-transformation time and tem- 
perature. Hardening resulting from instability of 8 
phase has been termed transformation hardening, 
precipitation hardening, coherency hardening, or 


age hardening. However, no matter what term is 
applied to this process, the importance of £ instability 
as a factor affecting the mechanical properties of 
A-stabilized titanium alloys is second only to the 
factor of the solid-solution effects. 

So far, the respective contribution of each of these 
factors to the overall properties of the alioys has not 
been well differentiated. The objective of the work 
to be described was to study these factors separately 
and to learn their interrelationships for the case of 
high purity titanium alloyed with only a single B 
stabilizer, manganese. 


Experimental Procedures 
Preparation: The alloys for this work were pre- 
pared as half-pound ingots by double arc melting 
in an atmosphere of high purity argon. Melting stock 
was obtained from high purity iodide titanium,* and 


* Typical analysis is presented in ref. 3. 


manganese additions were made from fused electro- 
lytic manganese. To reduce segregation, the once- 
melted ingots were chipped and remelted. Irreg- 
ularities in the surface of the ingots were removed 
by grinding. The ingots were heated in air and 
forged to % in. diameter rods. Forging temperatures 
were 875°C, except for a 12.1 pct Mn alloy which 
was forged at 980°C. The surface scale was removed 
by grit-blasting and grinding operations. 

Since it has been found that the hydrogen im- 
purity in titanium may affect mechanical properties,‘ 
the more recently fabricated alloys were vacuum 
annealed after forging for 6 hr at 775°C at a pres- 
sure of 10‘ to 10° millimeters of mercury. This treat- 
ment is sufficient to remove the titanium hydride 
line markings from a titanium. 

The forgings were next hot swaged to ™% in. 
diameter rod through a series of 20 dies, with ap- 
proximately 10 pct reduction in area between each 
die. After mechanical descaling, test and micro- 
structure specimens were prepared from the %4 in. 
diameter rod. 

Heat Treatments: Heat treatments were made on 
the % in. diameter rod sections under dry argon, 
99.99 pet pure. The cooling rates used to obtain 
variations in structure and mechanical properties 
included a water quench and a furnace cool. Inter- 
mediate cooling rates were also used in the study 
of hardness values. These included an oil quench 
and an argon cool (simulated air-cooling rate under 
an atmosphere of argon). The cooling rates involved 
in the argon cool and furnace cool are indicated in 
Fig. 2. 

Mechanical Testing: Tensile tests of these alloys 
were made on 4% in. diameter tensile specimens with 


Manganese, Wt Pet 


Table |. Composition and Fabrication Temperatures of Ti-Mn Alloys 


Forging Swaging 


Carben, Nitrogen, Hydrogen, Tempera- Tempera- Vacuum 


Nominal Charged Analysed Wt Pet Wt Pet Ppm ture, °C ture, °C Annealed 


0.50 0.55 0.55 0.02 0.006 22 875 750 Yes 
3.00 3.50 3.36 0.03 0.006 190 875 750 No 
3.00 3.50 3.52 0.04 0.007 875 750 No 
5.00 5.00 4.43 0.04 0.005 45 875 750 Yes 
6.00 6.50 6.39 0.03 0.004 150 875 750 No 
9.00 950 9.43 0.02 0.005 110 875 750 No 
12.00 12.50 12.1 0.02 0.004 60 980 850 Yes 
2.00° 2.13 1.99 — 875 750t Yes 
5.00° 5.12 4.59 -- -- 875 750+ Yes 
5.50° 5.50 5.01 -- -- 875 750+ Yes 


* These alloys were made in 15 gram buttons. 
* These alloys were rolled to 0.040 in. sheet. 
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a \% in. gage length. Tests were made on Baldwin- 
Southwark universal testing machines, using the 
2400 or 3000 lb scale at a uniform strain rate of 
0.003 to 0.005 in. per min. Strain readings were 
taken from SR-4 resistance strain gages to about 
2 pct elongation, and from a lever-type extenso- 
meter to the limit of uniform elongation. 

Impact tests were made on microimpact test speci- 
mens using a Tinius Olsen testing machine with an 
impact velocity of 11.37 ft per sec and a maximum 
capacity of 200 in.-lb. Details of the test specimens 
and methods of testing have been presented.” 

Metallography: The micrographs presented in this 
paper were taken from specimens cut from the 
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«130 180 
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| Reduction in oreo 
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: impact energy 

= 60 Ultimate strength—.. 
404 = 

= yield strength O02 % offset 
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650 700 750 800 850 900 950 
Annealing Temperoture, C 

Fig. 4—Mechanical properties of a Ti-0.55 pct Mn alloy. Speci- 

mens annealed | hr and water quenched. 
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Fig. 3—Microstructures and heat 
treatments of a Ti-0.55 pct Mn 
alloy. Letters in the graph corre- 
spond to microstructures. 


shoulders of tensile test specimens. Sections were 
mounted, mechanically polished, finishing with Linde 
“B” on a slow-speed wheel, and etched with a 1% 
HF-3% HNO, solution. Phase quantities were de- 
termined by visual estimate, and grain sizes by use 
of a micrometer eyepiece, and a comparison chart. 

Compositions: The alloys used in this study in- 
cluded those with manganese contents up to 12.1 
pet. With the exception of three alloys prepared for 
hardness studies, all the alloys were made as half- 
pound ingots. Table I shows the composition, fabri- 
cation procedures, and fabrication temperatures for 
these alloys. Fig. 1 shows the compositions and heat- 
treating temperatures in relationship to the phase 
diagram of the Ti-Mn system. Base-line data for 
the unalloyed titanium are plotted in all curves for 
the hydrogen-free condition. 


Water-Quenched Alloys 


Ti-0.55 Pct Mn Alloy: This alloy was prepared to 
determine the properties of the terminal a alloy. 
Heat treatment at the lower temperatures produces 
structures consisting of 95 pct a, with the balance 
retained 8. Considerable quantities of 8 are formed 
at higher temperatures above 850°C, most of which 
transform to martensite during the quench. 

Fig. 3 shows the microstructures produced by an- 
nealing this alloy at various temperatures, followed 
by water quenching, and the corresponding mechan- 
ical properties are plotted in Fig. 4. Little change in 
microstructure or properties is observed for quench- 
ing temperatures up to 850°C, above which con- 
siderable quantities of 8 exist, which on forming a’ 
and retained 8 cause an increase in strength with 
corresponding loss of ductility. The impact-energy 
values are generally high for all conditions tested. 

Ti-3.4 Pct Mn Alloy: Microstructures for a num- 
ber of annealing and quenching heat treatments are 
shown in Fig. 5, and mechanical properties are 
plotted in Fig. 6. 

Strength of this alloy increases with annealing 
temperature. This corresponds to the increasing 
quantities of the 8 phase in equilibrium at the 
quenching temperature. The highest strength and 
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Microstructures and mechanical properties are pre- Fig. 6—Mechanical properties of a Ti-3.4 pct Mn alloy. Specimens 
sented in a 7 and 8. annealed | hr and water quenched. 
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Ti-6.4 Pct Mn Alloy: The composition of this alloy 
is close to the minimum at which £8 phase can be 
retained by a water quench. Annealing at progres- 
sively higher temperatures in the a-£ field produces 

Fig. 7 — Microstruc- microstructures containing increasing quantities of £. 

tures and heat treat- Test specimens quenched from the £ field show low 

ments of a Ti-4.4 ductility and low impact resistance, and tensile 
pet Ma alloy. Let- strengths are below the values which would be ex- 
ters in the graph ected from hardness measurements. This embrittling 
to micro: of the retained is considered to be caused by coher- 
: ency hardening, which is difficult to suppress at this 
composition. Fig. 9 shows the microstructures pro- 

duced by different annealing temperatures, and re- 

| | sulting mechanical properties are shown in Fig. 10. 

ie | Ti-9.4 Pct Mn Alloy: Microstructures and mechan- 

g | | ical properties of this alloy are presented for various 

annealing temperatures in Figs. 11 and 12. This 

Weight Per Cent Manganese alloy was fabricated in the £ field, and this may be 
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Fig. 8—Mechanical properties of a Ti-4.4 pct Mn alloy. Specimens 
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@ 46 6 02 14 6 16 
Weight Per Cent Mangonese 
Fig. 9—Microstructures and heat treat- 
ments of a Ti-6.4 pct Mn alloy. Letters in 
the graph correspond to microstructures. 


expected to influence the structures and properties 
produced by subsequent heat treatment. Annealing 
below the 8 transus produces a as an intragranular 
and grain-boundary precipitate, with a decrease in 
strength and impact resistance and an increase in 
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Fig. 10—Mechanical properties of a Ti-6.4 pct Mn alloy. Speci- 
mens annealed | hr and water quenched. 
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ductility. Variations of mechanical properties for 
anneals above the £ transus are slight. 

Ti-12.1 Pct Mn Alloy: Microstructures produced 
by different heat treatments for this alloy are shown 
in Fig. 13, and the mechanical properties are plotted 
in Fig. 14. This alloy also was fabricated in the f 
field. Variation of properties and microstructure 
with heat treatment above 700°C are slight, except 
for a considerable decrease in the reduction in area 
for the 1000°C anneal. The presence of the a pre- 
cipitate in the 650°C anneal increases strength 
slightly, with a slight loss of ductility, as measured 
by reduction in area. 


Furnace-Cooled Alloys 


In addition to the water-quenched specimens pre- 
sented in the previous sections, studies were made 
on the structures and properties of the same alloys 
furnace cooled from the £ field. Microstructures and 
mechanical properties of these conditions are pre- 
sented in Figs. 15 and 16. 

For compositions of 6.4 pet Mn and below, the 
structures are composed of coarse plates of a in a 
basketweave array. Above this composition, the re- 
tained-§8 phase predominates in the microstructures, 
with a much finer precipitate of intergranular and 
intragranular a. Strength properties increase most 
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Fig. 12—Mechanical properties of a Ti-9.4 pct Mn alloy. Specimens 
annealed | hr and water quenched. 


rapidly between 6.4 and 9.4 pct Mn, corresponding 
to the change in microstructural appearance, and 
the maximum precipitation hardening for this cool- 
ing rate occurs at about 9.4 pct Mn. Ductility prop- 
erties decrease to a minimum at the same composi- 
tion. 
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Fig. 11—Microstructures and heat treatments of a Ti-9.4 pct Mn alloy. Letters in 
the graph correspond to microstructures. 
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Fig. 14—Mechanical properties of a Ti-12.1 pct Mn alloy. Specimens 
annealed | hr and water quenched. 


Solid-Solution Effects 
In separating the effects of structure from those 
of solid solution on the strength and hardness of 
titanium alloys, it is helpful to consider what might 
be expected in the absence of structural effects. Fig. 
17a is a schematic diagram for a §-stabilized tita- 


\9 
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Fig. 13—Microstructures and heat treatments of a Ti-12.1 pct Mn alloy. Letters in 
the graph correspond to microstructures. 
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curve occurs at the composition where the harden- 
ing resulting from £8 transformation to a (either or 


both by martensitic or by nucleation processes) is 


2 4 6 6 10 1 


nium system. A series 


2 14 16 18 balanced by increasing retention of 8 phase. The 


Weight Per Cent Mangonese hardnesses in the two-phase field are shown as be- 


ing proportional to the quantity of 8 present, and 
of temperatures from which to lie between the hardnesses of the two terminal 


quenches are conducted and the compositions which compositions. The hardness curves of alloys with 
have constant a/f ratios in the two-phase field are constant a/f ratios are seen to reflect the upper 
shown. In Fig. 17b the expected hardnesses are in- 8-quench curve, but with proportionately diminished 
dicated. The top curve is the hardness obtained by effect as the amount of § decreases. 

quenching from within the £ field. The bottom curve 


the field. 
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Fig. 16—Mechanical properties of Ti-Mn alloys furnace cooled from 


shows the hardnesses obtained by quenching from 1000 
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Fig. 17b—Schematic hardness-composition curves. 
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Fig. |'8—Hardness of Ti-Mn alloys as a function of composition. All 
specimens water quenched. 


The actual hardness curves determined experi- 
mentally for the Ti-Mn alloys are shown in Fig. 18. 
It is seen that these curves are similar in shape to 
the schematic curves, but with one notable differ- 
ence. The a-§ alloys are considerably harder than 
what would correspond to a linear variation between 
the two terminal phase hardnesses. The deviation 
from linearity is seen to be greatest as 100 pct £ is 
approached. There are two possible explanations 
for this effect: 1—grain refinement in the a-8 field, 
and 2—matrix effects, where the properties of the 
two-phase alloy tend to be closer to those of the 
matrix or continuous phase. At the high £ contents, 
both of these effects would augment strength and 
hardness. As an example of the grain-refinement 
effect, the distances between grain centers were 
observed in 750°C annealed alloys as shown in 
Table II. 

This shows that the grain size in the a-£ alloys re- 
mains very fine until all 8 is approached. Then grain 
coarsening occurs abruptly. The 8 matrices in the 
a-B8 alloys were observed down to about 30 to 40 pct 
8 in the structure. Where the matrix is 8 pnase, the 
grain-refinement and matrix effects cooperate in 
making the alloys harder than would be expected 
from solid-solution hardening alone. However, it is 


Table ti. Observed Distances Between Grain Centers 


Grain 
Separation, Mm 
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difficult to separate the two effects. At the a end 
of the a-8 range, the grain-refinement effect would 
be opposed by the matrix effect. This would account 
for the closer approach to linearity noted in this 
region. 

Fig. 18 also shows that for alloys with constant 
a/B ratios, hardness decreases as the annealing tem- 
perature decreases. Despite this, it is apparent that 
the amount of £8 in an a- alloy is the major effect 
in governing strength and hardness. This is shown 
graphically in Fig. 19, in which mechanical prop- 
erties are plotted against the percentage of § for 
annealing temperatures from 750°C and below. All 
results correspond to the equiaxed structural condi- 
tion. The data from 810°C anneals are not included 
because martensite transformations were involved 
there. Fig. 19 shows that, within 10 to 20 thousand 
psi in strengths and 20 to 40 Vickers hardness num- 
bers, strength and hardness correlate directly with 
the percentage of retained £ irrespective of anneal- 
ing temperature and alloy composition. Within these 
spreads, the higher strengths are, of course, asso- 
ciated with the higher annealing temperatures, as 
has been pointed out. The matrix and grain-refine- 
ment effect noted is reflected in these curves by a 
leveling off in strength and hardness from 70 to 100 
pet retained 8. The scatter in ductility and tough- 
ness values is considerably greater than in strength 
and hardness. Reduction in area values are partic- 
ularly erratic. As will be shown later, the ductility 
values depend on the residual hydrogen content, 
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Fig. 19—Correlation of tensile properties with retained 8 content of 
Ti-Mn alloys annealed at 750°, 700°, 650°, and 600°C. 
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Table til. 


Comparison of Properties of Equilibrated Alloys 
with Beta Quenched Alloys 


Beta Quenched 
Equilibrated (Step- —— 


Cooled te 600°C From From 

and Quenched) 850°C 1000°C 
Tensile strength, psi 82,000 136,000 137,000 
0.2 pet offset yield, psi 61,000 125,000 115,000 
Elongation, pct in 2 in. 28 1 5 
Reduction in area, pct 59 12 10 
VHN 187 353 369 
Room-temperature impact, 

in-lb. 18.1 12.7 72 

which varies somewhat from alloy to alloy. There 


is, however, a definite trend toward lower ductility 
values as the percentage of § increases. 


Effect of Martensitic Transformation on Properties 
There are two ways in which the effect of the 
martensite transformation can be evaluated. The 
first is to compare the properties of the equilibrated 
alloys with those of the 8-quenched alloys. This is 
done in Table III for the 3.4 pct Mn alloy and shows 
that the considerable gain in strength and hardness 
is obtained at the expense of almost all of the 
ductility. 


“hard 8” cannot be stated at this time. Ductility can 
be obtained if sufficient equiaxed a is present. Also, 
a comparison of the 3.4 pct Mn alloy as 8 quenched 
and as a-8 quenched, with 40 pct equiaxed a present, 
reveals that the tensile strength and hardness re- 
sulting from the a-§ quench are almost as high, but 
the tensile ductility is much higher. However, it is 
worth noting that 8 quenching in the martensite 
range is not so detrimental to impact as it is to 
tensile ductility. 


Effect of Grain Shape in «-8 Alloys 

In a two-phase alloy, the effect of grain shape is 
a variable which may affect the mechanical prop- 
erties. Grain shape is determined by the prior his- 
tory of the alloy, particularly in the case of the 
alloys lying in the composition range where acicular 
structures are formed after heat treatment in the 
B field. In the present work, such alloys were fab- 
ricated in the a-£ field such that subsequent anneals 
below the 8 transus produced equiaxed a-f struc- 
tures. When the a-f§ heat treatment was preceded 
by an anneal above the £ transus, the resulting 
structures consisted of large 8 grains with inter- 
granular and intragranular plates of a. 
To determine the specific effect of grain shape, 


Table IV. Effect of Increasing Amounts of Martensite on Properties 


Tensile Strength, 
1000 Psi 


Strectare 
Room 
Alley 0.2 Pet Elonga- Re- Tempera- 
Content, Equiaxed a’ Plas Offset tion, Pet duction in ture Impact 
Pet Mn a, Pet Ultimate Vield in % In. Area, Pet VHN n.-Lb 


40 


34 60 132 
44 20 80 174 
64 0 100° 132 


* This structure was all retained £. 


98 13 41 347 73 
144 4 6 390 6.0 
0 1 396 3.2 


The second way to evaluate the martensite effect 
is to show how increasing amounts of martensite 
affect properties in the presence of equiaxed a. This 
may be done by comparing the tensile properties of 
alloys quenched from 810°C, as shown in Table IV. 
Since the 6.4 pct Mn alloy was all retained £, it must 
have a slightly higher alloy content than the terminal 
8 composition at 810°C (5.5 pet Mn from Fig. 1). 
It is representative of what is called “hard B,” and 
will be discussed later. It is clear from the tabula- 
tion that the 8 transformation products are brittle, 
but whether this is caused by the martensite or the 
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Fig. 20—Schematic heat treatments and microstructures of a Ti-3.5 pct Mn alloy. Magnification of microstructures, X250. 
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thr at 9OOC 


WO) 32 mw ot 750C 


the 3.5 pct Mn alloy hot worked at 750°C was put 
into equilibrium at 750°C and quenched, after hav- 
ing approached equilibrium by four different paths: 
l—a-f8 anneal at 750°C and quench, 2—f quench 
and temper at 750°C and quench, 3-—isothermal 
transformation of 8 at 750°C and quench, and 4—- 
furnace cool from 6 to 750°C, hold, and quench. In 
each case the holding time at 750°C was 32 hr, fol- 
lowing which the alloy was quenched. Also, 750°C 
is above the M, for the 3.5 pet Mn alloy. This was 
done both for alloys that had been vacuum annealed 
after hot working and those that had not. 


thr at C 
F.C 


32 hr ot 750C 


waQ. 
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mm. The isothermal-transformation structure was 


Fig. 21—Comparison of tensile ductility for a-§ alloys in the equi- quite similar to the quench-and-temper structure 
axed and acicular conditions. both in appearance and degree of fineness. Although 
the micrograph for the isothermally transformed 
After the heat treatments, the alloy consisted of alloy appears to be slightly finer than that shown 
60 pct a containing about 0.5 pet Mn, and 40 pct for the quenched and tempered alloy, over the entire 
retained 8 containing about 9 pct Mn. Micrographs section it appeared that they were of equal fineness. 
of the four structures are shown in Fig. 20. There The structure of the furnace-cooled specimen was 
was no difference between the structures of the much coarser, both in platelet size and interplatelet 
vacuum-annealed specimens and those that had not spacing. A rough estimate of the spacing from center 
been vacuum annealed. The structures of the a-8 to center of platelets would be two to three times 
annealed and quenched specimens consisted of equi- that for the other acicular structures. 
axed « grains in a f matrix. The average distance Mechanical properties for the 3.5 pct Mn alloy in 
between a grain centers was about 0.01 mm. The the four conditions are given in Table V. Strengths 
structure after the 8-quench-and-temper treatment and hardnesses are practically indistinguishable; 
consisted of rather straight a platelets within the this is as would be expected because the alloy con- 
prior 8 grains and also a at the prior 8 grain bound- sisted of the same quantities of a and § phases. When 
aries. Average interplatelet distance was about 0.01 the alloy had not been vacuum annealed, it con- 


Table V. Mechanical Properties of Ti-3.5 Pct Mn Alloy for Various Heat Treatments 


0.2 Pet Flow Constants Room Tem- 


Elenga- Reduc- Ultimate Offset - perature 

VEN, tien, tion in Tensile Yield Impact 

Heat 5 Ke Petin Area, Strength, Strength, B, In. per Energy, 
Treatment Microstructure Load ‘e In. Pet Psi Psi Psi n In. In.-Lb 


Annealed 32 hr at 750°C Equiaxed a-f structure; 297 -- 17 111,000 91,000 182,000 0.181 0.153 32.4 
and water quenched a 0.01 mm grain size; 
(220 ppm H) 60 pet a@ 


Same as above, but pre- Equiaxed a-f structure; 
ceded by vacuum an- a 0.01 mm grain size; 

nealing treatment 60 pet a 

‘about 25 to 50 ppm H) 


(18.9, 14.5) 


Annealed 1 hr at 900°C, Coarse a plates in ma- 
quenched to room trix of retained 
temperature; annealed prior # grain size 0.25 
32 hr at 750°C and mm; 60 pet a@ 
water quenched (220 

ppm 


Same as above, but pre- Coarse a plates in ma- 
ceeded by vacuum an- trix of retained 
nealing treatment prior 8 grain size 0.25 
‘about 25 to 50 ppm mm; 60 pet a 

H) 


Annealed 1 hr at 900°C, Coarse a plates in ma- 285 4 15 112,000 85,000 178,000 0.160 0.127 28.2 
quenched to 750°C, trix of retained 

held 32 hr, and water prior 8 grain size 0.25 

quenched (220 ppm H) mm; 60 pet a 


Same as above, but pre- Coarse a@ plates in ma- 
ceded by vacuum an- trix of retained 
nealing treatment prior 8 grain size 0.25 
‘about 25 to 50 ppm mm; 60 pet a 

HM) 


Annealed 1 hr at 900°C, Coarse a@ plates in ma- 
furnace cooled to trix of retained 
750°C, held 32 hr, and prior § grain size 0.25 
water quenched, (220 mm; 60 pet a 

ppm H) 


Same as above, but pre- Coarse a plates in ma- 
ceded by vacuum an- trix of retained 


nealing treatment prior § grain size 0.25 
‘about 25 to 50 ppm mm; 60 pet a 
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Fig. 23—Eftect of testing temperature on impact-energy values 
for Ti-Mn alloys annealed | hr at 750°C and water quenched. 


tained 220 ppm hydrogen, and showed lower tensile 
ductility than when the alloy was vacuum annealed. 
This will be discussed in the section on the effect of 
hydrogen. The tensile ductilities of the vacuum- 


annealed specimens that had acicular structures 
originating from an anneal in the £ field are all quite 
comparable. The tensile ductility of the equiaxed 
vacuum-annealed specimen is higher than those of 
the corresponding acicular structures. 

The higher tensile ductilities in the equiaxed con- 
dition are also shown in Fig. 21, which compares the 
tensile ductilities of Ti-Mn alloys having equiaxed 
structures with the tensile ductilities of the alloys 
having acicular structures. Up through 6.4 pct Mn, 
the properties in the condition step-cooled from 
750° to 600°C are compared with the properties in 
the furnace-cooled condition. At 9.4 pct Mn, the 
properties in the 750°C quenched condition, which 
was equiaxed £, are compared with those in the 750° 
to 600°C step-cooled condition, which was acicular, 
because the 8 transus for this alloy is about 750°C. 
The 12.1 pet Mn alloy is basically an all-f alloy, 
which cannot be put into an acicular condition, and 
only the properties in the equiaxed all-8 condition, 
as quenched from 700° to 750°C, are shown. It is 
apparent that there is a considerable advantage in 
tensile ductility, particularly in reduction in area, 
for the equiaxed condition. 

Toughness does not appear to be so dependent on 
structure. The data in Table V do not show any 
consistent effect of equiaxed vs acicular structure 
on room-temperature impact value. Impact data on 
the alloys in the conditions described in the preced- 
ing paragraph are plotted in Fig. 22. This shows 
some advantage for the 6.4 pct Mn alloy in the acic- 
ular condition, but it is doubtful whether there is 
any clear preference for this condition so far as im- 
pact values are concerned. 


Effect of Hydrogen 


The presence of hydrogen in titanium and its 
alloys has considerable influence on their properties, 
and this problem is the subject of current inves- 
tigations. In this work, the problem of eliminating 
this element as an unwanted variable has been met 
by vacuum-annealing processes which remove a 
considerable amount of the hydrogen present. The 


VEN, 
Alley Heat Micro- 5 Ke 
Composition Treatment structure Load 


Equiaxed struc- 284 
ture; a@ grain size 
0.004 mm; 60 pct 
a 


Vacuum annealed Equiaxed a-f struc- 
11% hr at 775°C ture; a@ grain size 
plus “% hr at 0.004 mm; 60 pct 
750°C and water a 

quenched 


Annealed 1 hr at 
750°C and water 
quenched 


3.5 pet Mn ‘220 
ppm H) 


3.5 pet Mn (about 
25 to 50 ppm H) 


Annealed 1 hr at Equiaxed a-f§ struc- 356 
750°C and water ture; a grain size 
quenched 0.002 mm: £6 grain 

size 0.01 mm; 30 

peta 


Vacuum annealed Equiaxed a-f struc- 
11% hr at 775°C ture; @ grain size 
plus % hr at 0.002 mm; § grain 
750°C and water size 0.004 mm; 30 
quenched pet a 


6.4 pet Mn (150 
ppm H) 


64 pet Mn (about 
25 to 50 ppm H) 


9.4 pet Mn (110 Annealed 1 hr at Equiaxed § struc- 340 
ppm H) 750°C and water ture; 8 grain size 
quenched 0.25 mm 
9.4 pet Mn (about Vacuum annealed Equiaxed § struc- 336 
25 to 50 ppm H) 11% hr at 775°C ture; 8 grain size 
plus % hr at 0.20 mm 


750°C and water 
quenched 


Table VI. Effect of Vacuum Annealing on Mechanical Properties of Ti-Mn Alloys 


% In. 


21 118,000 


Room- 

0.2 Pet Flow Constants Tem- 
Elonga- Reduc- Ultimate Offset - - - -— perature 
tion, tionin Tensile Vield Bmax Impact 
Petin Area, Strength, Strength, In. Energy, 
B, Psi n perin. In.-Lb 


Pet Psi Psi 


96,000 188,000 0.161 0.152 31.0 


146,000 208,000 0.07 0.02 14.7 


150,000 


163,000 159,000 216,000 0.06 0.02 14.8 


160,000 156,000 18.9 
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Fig. 24—Effect of quenching temperature and percent a on impact 
behavior. 
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earlier alloys, however, were fabricated and par- 
tially tested before this procedure was adopted, and 
they had hydrogen contents ranging from 110 to 220 
ppm. To determine the effects of hydrogen on these 
alloys, tensile and impact specimens were vacuum 
annealed and heat treated to produce structures like 


those already tested, but with the hydrogen content 
reduced by the vacuum-annealing process. From 
similar alloys so treated, it is estimated that the 
hydrogen content was reduced to 25 to 50 ppm. 

It has been demonstrated that the presence of 
hydrogen as titanium hydride in unalloyed titanium 
accounts for lower levels of impact-energy values.‘ 
The presence of titanium hydride in unalloyed tita- 
nium and in a-stabilized titanium alloys is made 
evident by the appearance of line markings in the 
microstructure. The first a-§8 alloys, which had not 
been vacuum annealed, did not show these line 
markings, and since the solubility of hydrogen is 
greater in the 8 phase than in a, it is thought that 
the hydrogen in an a-f alloy is dissolved in the 
8 phase. Mechanical properties of the vacuum- 
annealed test specimens are shown in Table VI, with 
corresponding values for the nonvacuum-annealed 
alloys. Strength and impact properties in these 
alloys are not significantly altered by the vacuum 
anneal. Tensile-ductility values appear to be lower 
when hydrogen is present, however, for the lower 
manganese content alloys. This is particularly the 
case for values of reduction in area. If the mech- 
anism of tensile embrittlement of a-§ alloys con- 
taining hydrogen is caused by strain aging of a 
hydrogen-rich precipitate from £, the lack of em- 
brittlement in the 9.4 pct Mn alloy may simply be 
because the alloy contains insufficient hydrogen to 
become supersaturated. 


Impact-Energy Values as a Function of Testing 
Temperature 


In the testing program used in this work, each 
alloy and condition has been tested for impact re- 
sistance at room temperature. In addition to these 
tests, certain conditions were further investigated 
to determine the variation of impact energy with 
temperature. Results of these tests are tabulated in 
Table VII, and curves showing the variation of im- 
pact energy with temperature for Ti-Mn alloys an- 
nealed at and quenched from 750°C are shown in 
Fig. 23. Increasing manganese content, which cor- 
responds to increased amounts of retained-§8 phase 
containing about 9 pct Mn, results in shifting the 
impact-transition curves downward and to the 
right—in other words, toward less tough behavior. 
Impact-transition curves for the alloys containing 
6.4 to 12.1 pet Mn are ail at about the same location, 
and there is no clear-cut relationship between them. 
The beneficial effect of high-a-phase contents on 
toughness is further illustrated by Fig. 24, which 


Alley 
Com pesition —196 


Annealed | Hr at 750°C and Water Quenched 


12.1 pet Mn 28 12. 
Annealed 1 Hr at 656°C and Water Quenched 


4.4 pet Mn 13.8 31.3 38. 


Step-Cooled to 32 Hr at 600°C and Water Quenched 


12.1 pet Mn 12 42 
Annealed 1 Hr at 800°C and Water Quenched 
Unalloyed 
titanium 160.2 153.8° 


Table Vil. Variation of Impact Energy with Testing Temperature for Ti-Mn Alloys 


Impact Energy, In.-Lb, at Various Temperatures, °C 


164.3° 156° 


50 7 100 1580 180 


82.0 72.1 
37.0 


44 43.7 
45.0 59.0 
18.6 35.1 


* No fracture occurred in these specimens. 
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0.55 pct Mn alloy, < 5 pet £. 


4.4 pct Mn alloy, 25 pct 8. 


12.1 pet Mn alloy, 100 pet 


Fig. 26—Fractures of impact specimens at various temperatures. X5. 


shows that, for the same 4.4 pct Mn alloy, lower 
annealing temperatures, which correspond to higher 
«a phase contents, result in the best impact-transition 
curves. 

None of the alloys showed a truly sharp transition 
from low to high impact values, although the trend 
toward this increased as the amount of £ increased. 


The compositions which were predominantly a 
showed no transition behavior at all down to 
—196°C. Supporting this, examination of the frac- 
tures of all Ti-Mn alloys showed the same kind of 
fracture, even when broken at low energies at 
—196°C. Fig. 25 shows impact curves for a pre- 
dominantly all-a alloy, 0.55 pet Mn (<5 pct 8); an 


Table Vill. Mechanical Properties of Ti-Mn Alloys in the Solution-Annealed and Aged Conditions 


Compo- 
sition, Pet 
(Balance Heat 
Ti) Treatment 


3.4 pet Mn 


hr at 700°C and 
quenched 


hr at 700°C and 
quenched plus 1 
hr at 400°C 


hr at 750°C and 
quenched 


3.5 pet Mn* 


3.5 pet Mn* 


hr at 750°C and 
quenched plus 4 
hr at 400°C 


hr at 700°C and 


3.5 pet Mn* 


9.4 pet Mn 


hr at 700°C and 
quenched plus “% 
hr at 500°C 


9.4 pct Mn 


Microstructure 
Equiaxed a-f (30 pet 


Equiaxed (30 pct 6) 


Equiaxed (40 pct 


Equiaxed a-§ (40 pct 


Equiaxed grains (0.075 412 
mm) plus 10 pet intra- 
and intergranular a 


Room 
Elonga- Re- 0.2 Pet Tem- 
tien duction Ultimate Offset perature 
in Tensile Vield Impact 
% In., Strength, Strength, Energy, 
Pet Psi Psi In.-Lb 


98,000 73,000 16.3 


120,000 85,000 


118,000 96,000 


158,000 156,000 


Equiaxed § grains (0.075 
quenched mm) plus 10 pet intra- 
and intergranular a 


204,000 200,000 


* This alloy ‘contained 220 ppm hydrogen which is the probable cause of the low tensile ductility in the solution-annealed condition. 
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Fig. 27-—Effect of aging temperature om age hardening of two 
Ti-Mn alloys quenched from the § field. 


a-B alloy, 4.4 pet Mn quenched from 650°C (25 pct 
8); and an all-f alloy, 12.1 pet Mn. Photographs 
showing the fractures for these alloys are presented 
in Fig. 26. 

Thermal Instability 

The effect of low temperature aging on hardness 
of Ti-Mn alloys quenched from both the 8 and a-£ 
fields was investigated. These tests were made on 
small samples sealed in pyrex capsules under a 
partial pressure of argon at temperatures of 300°, 
400°, 500°, and 600°C. Aging treatments consisted 
of a geometric progression of %, 1, 4, 16, 64, and 
256 hr, followed by water quenching. 

In this study, the chief variables involved, in ad- 
dition to aging times and temperatures, were the 
composition of the 8 phase and the microstructure 
of the solution-annealed condition. The effect of 


aging time and temperature on the £ phase of two 
compositions is shown in Fig. 27. These curves 
show that the 8 phase age hardens to the greatest 
extent at 400°C, reaching a peak hardness after 
about 4 hr. Aging at lower temperatures is almost 
as effective, but longer times are required to reach 
the peak hardness. Aging at 500°C results in a 
rapid overaging with only a small hardness peak, 
while aging at 600°C softens the alloys, because the 
@ precipitate is of the massive form and equilibrium 
is being approached. The effect of composition of 
the 8 phase on the age-hardening response is illus- 
trated by the data for the 8-quenched Ti-6.4 pct Mn 
and Ti-9.4 pct Mn alloys. The peak hardnesses ob- 
tained for the aging temperatures used were about 
the same for the two alloys with the Ti-6.4 pct Mn 
alloy having a slightly higher peak hardness in the 
300° and 400°C aged conditions. This may be in- 
dicative that increasing the manganese content de- 
creases the instability of the 8 phase, but the differ- 
ence in degree of instability of the two alloys is not 
great enough to be significant. However, as will be 
discussed in the section on cooling rates, it has been 
found that the manganese content does have an 
effect on the susceptibility to hardening of the alloys. 

Examination of the microstructures of aged sam- 
ples showed that visible precipitates do not occur 
until overaging has taken place. 

The effects of quantity of the 8 phase present in 
the microstructure in the solution-annealed condi- 
tions are shown in Fig. 28. These data show that, as 
the quantity of 8 phase of the same composition is 
decreased, the susceptibility to age hardening is de- 
creased, or the thermal stability of the alloy is in- 
creased. Control of the quantity of 8 phase in the 
initial microstructure of the alloy has a much 
greater effect on reducing thermal instability than 
does an increase of the manganese content of the 
B phase. 

The age hardening or instability of the 8 phase in 
a-B alloys is generally regarded as detrimental be- 


600 T T 
BIO C quench 
400C age 


T 
750 C quench 
400 C age 


700 C quench 
400 C age 


| 


~ 


(B containing 6% Mn) 


| | 


| 
a 
| 


(B containing 9% Mn) 


3.4Mn(30% 8) 


| 
(B containing 12% Mn) 


2°82 


Aging Time, hours 
Fig. 28—Effect of quantity and composition of the § phase on age hardening of Ti-Mn alloys at 400°C. 
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d. Effect of Cooling Rete 


@. Effect of Specimen Size 
Quenched from the Beto 
Field 
Fig. 29—Effect of specimen size and cooling rate on the hardness 
of 8-annealed Ti-Mn alloys. 


cause of the embrittlement that accompanies the 
age hardening. However, it is possible to produce 
high strengths while maintaining adequate ductility 
by controlling the amount of unstable 8 present 
through a solution anneal in the a-f field so that 
the aging response will not be too high. The data 
given in Table VIII illustrate how age hardening 
can be utilized to improve the strength of a-§ alloys. 
In this table, the effects of aging on the properties 
of alloys containing 30, 40, and 90 pct 8 are shown. 
In line with the hardness data, the alloy containing 
the largest percentage of 8 phase in the solution- 
annealed condition has the largest increase in 
strength. Accompanying the increase in strength is 


a decrease in tensile ductility and toughness. How- 
ever, good strength and ductility combinations can 
be obtained as illustrated by the 3.5 pct Mn alloy 
solution annealed at 750°C and aged for 4 hr at 
400°C. 


Effect of Cooling Rate and Specimen Size 
on Hardness of Ti-Mn Alloys 

A series of specimens was cooled from annealing 
temperature at several cooling rates by quenching 
in water, quenching in oil, and cooling in argon 
(simulated air-cooling rate under an argon atmos- 
phere). The effect of specimen size was also studied 
by the use of two specimens for each test: one, a 
small section of 0.040 in. sheet, and the other, a 
section of 0.225 in. diameter rod. Anneals were made 
in tube furnaces under an argon atmosphere. Speci- 
mens were prepared from the alloys previously de- 
scribed and, in addition, three alloys were prepared 
in the form of 15 gram buttons to provide data on 
intermediate compositions. 

The cooling rate and specimen size are both im- 
portant in a consideration of the hardening of these 
alloys. It was noted that the 6.4 pet Mn alloy is 
particularly sensitive to variations in cooling rate. 
Although all the microstructures of different-sized 
specimens of the 6.4 pct Mn alloy quenched from the 
B field show a retained-f structure, there is con- 
siderable variation in hardness. The softest retained 
B in this alloy was produced only by the combina- 
tion of small specimen size and quenching from 
just above the £ transus. Quenching small speci- 
mens from temperatures high in the £ field results 
in a higher hardness. Another example of the effect 
of cooling rate is the 5.0 pet Mn alloy, which pro- 
duces a microstructure containing about 85 pct 
martensite in a matrix of retained 8 when water 
quenched from just above the # transus. Water 
quenching from 1000°C produces a structure con- 
taining about 50 pct martensite, but with a greater 


temperature 


temperature 


Water quenched from Oil quenched from Argon cooled 
from temperature 


Beto field 


Hardness Numbers 


Vickers 
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Fig. 30—Effect of cooling rates from various annealing temperatures on the hardness of Ti-Mn alloys (0.040 in. sheet). 
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hardness. This higher hardness is attributed to the 
fact that cooling from the higher temperature re- 
sults in a slower cooling rate through the range at 
which nucleation of a takes place in the retained-f 
phase causing coherency hardening of the retained £. 

The effect of specimen size on the hardness of £- 
quenched Ti-Mn alloys is shown in Fig. 29a. The 
difference in sample size is in reality a cooling-rate 
effect. The larger samples will cool at a slightly 
lower rate than smaller samples when quenched in 
the same medium. The composition range which is 
chiefly affected by sample size is from 5 to 7 pet Mn, 
where higher hardnesses are obtained in the larger 
samples as a result of the high degree of instability 
of B in this range. A more complete illustration of 
the effect of cooling rate on the hardness of Ti-Mn 
alloys annealed in the £8 field is shown in Fig. 29b. 
Here it is shown that as the cooling rate is decreased 
from that of a water quench to an argon cool the 
peak hardness obtained is increased and is shifted 
to higher manganese contents. It is also of interest 
that the alloys 8 quenched and aged for % hr at 
400°C have hardnesses similar to those obtained in 
the argon-cooled condition. This indicates that the 
hardening obtained during the cool from the £ field 
is caused by the same nucleation-and-growth mech- 
anism that occurs during the aging treatment. 

The hardnesses of samples furnace cooled from 
the £ field are, in general, lower than those obtained 
by any of the other cooling rates used. During the 
furnace cool, massive a is formed which does not 
have the hardening effect of the coherent or finely 
dispersed a formed during aging. Rather, there is 
an approach to a low temperature equilibrium. In 
alloys containing 6.4 pct Mn or less, the a is formed 
as coarse Widmanstaetten plates; while in the 9.4 
and 12.1 pet Mn alloys the a is formed as fine Wid- 
manstaetten plates. The softest condition is associ- 
ated with the coarse a plates. The fine a plates pre- 
cipitated in the high-manganese-content alloys did 
not alter the hardness significantly from the ,- 
quenched condition. 

The effect of cooling rate on the hardness of Ti- 
Mn alloys annealed in the a- field is shown by the 
data given in Fig. 30. The effect of water quenching 
has been discussed earlier, where it was shown that 
the hardness of an a-§ alloy could be related to the 
quantity and size of the two phases present and to 
the matrix effects. The differences between the 
curves on water-quenched alloys shown in this fig- 
ure and those shown in Fig. 18 can be attributed 
to the difference in specimen sizes. The family of 
curves obtained for the oil-quenched condition also 
reflects the effects of amounts of phases present, 
grain size, and matrix. However, because the £ 
phase in the range of 5 to 7 pct Mn is coherency 
hardened by the oil quench, the a-§ alloys con- 
taining 8 phase of a composition within this range 
are also coherency hardened. This is shown by 
the 810°C oil-quenched curve in Fig. 30. Argon 
cooling from temperatures of 750°C and above 
causes a large increase in hardness in alloys con- 
taining from 6 to 9 pet Mn. Alloys containing less 
than 6 pct Mn are softer in the argon-cooled condi- 
tion than they are in the water-quenched or oil- 
quenched conditions, and tend to approach the hard- 
ness values in the furnace-cooled condition. Thus 
hardening effects from cooling at rates approximat- 
ing air cooling may be expected only in alloys 
within medium-high £-stabilizer contents cooled 
from relatively high temperature. 
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Summary 


1—The principal compositional factors which af- 
fect mechanical properties have been found to be 
solid-solution strengthening, the martensitic trans- 
formation, and instability of the 8 phase. Struc- 
tural factors (grain size and shape) have more in- 
fluence on ductility and toughness than on strength. 

2—Because the strength of the retained-8 phase 
is much higher than the strength of the a phase, the 
a to B ratio dominates the strength of the alloys 
annealed in the two-phase field. Matrix and fine- 
ness effects introduce deviations from straight-line 
additivity. Since the strength of the 8 phase is rela- 
tively constant from 6.4 to 12.1 pct Mn, the strength 
of an a-f alloy is determined primarily by the 
amount of 8 phase present. However, because co- 
herency hardening (formation of f’) is more op- 
erative in low-manganese-content 8, the higher a-8 
solution temperatures give slightly higher hardness, 
for a fixed percentage of £. 

3—The martensitic transformation of £ takes 
place when alloys containing less than 6.4 pct Mn 
are quenched from temperatures above 800°C. When 
quenched from the £ field, the structure consists of 
plates of supersaturated a in a matrix of retained £ 
of the same composition, with the quantity of re- 
tained 8 increasing with alloy content. Specimens 
having these structures are in a strong and brittle 
condition. However, the presence of equilibrium a 
in the structure, attained by annealing and quench- 
ing from below the £ transus and above 800°C, im- 
proves the ductility considerably with some loss of 
strength. 

4—Instability of the 8 phase is an important factor 
in the mechanical properties of these alloys. Nucle- 
ation and growth of a phase may be controlled to 
produce a considerable strength increase, or, if a 
massive a precipitate is formed, to decrease the 
strength of the alloy. Desired strength increases 
may be obtained either by a solution anneal fol- 
lowed by aging, or by proper choice of cooling rate 
from the annealing temperature. Although loss of 
ductility and toughness accompany this strength in- 
crease, adequate levels of these properties may be 
maintained by proper control of heat treatments. 

5—Limited studies on the effects of hydrogen in 
these alloys indicate that hydrogen partitions to the 
B phase in an a-£ alloy. The principal effect of hy- 
drogen in the a-8 alloys is a lowering of tensile 
ductility, without affecting toughness. 
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Constitution of lron-Boron Alloys in the Low Boron Range 


by M. E. Nicholson 


The solid solubility of boron in iron has been determined by sat- 
urating iron with respect to Fe.B at several temperatures from 870° 
to 1135°C. In alpha iron the maximum solubility was found to be 
0.002 pct B and in gamma iron the solubility varied from 0.001 pct 
at 915°C to 0.020 pct B at 1165°C. The eutectic and peritectoid 
temperatures were found to be 1165° and 911°C respectively and 
the gamma iron solidus was located approximately at 0.020 pct B. 


ye. 


ECENT investigations of boron-treated steels" * 1600 
indicate that the solubility of boron in austenite 

is of the order of 0.003 pct at 900°C. This has led 

to the general belief that the solubility of boron 1500 
in @ and 7 iron is considerably less than that indi- 

cated by Wever and Miiller.* Therefore the solid 

solubilities of boron in a and 7 iron have been re- 1400 
determined. The eutectic and peritectoid tempera- 
tures were also remeasured and the y-iron solidus 
was studied in some detail.* 


© 1300 


_# A similar investigation which yielded somewhat different results 
has been described recently by C. C. McBride, J. W. Spretnak, and 
Rudolph Speiser in American Society for Metals 1953 Preprint No. 
22 entitled “A Study of the Fe-Fes-B System.” 

In 1929 Wever and Miiller investigated the phase 
equilibria of Fe-B alloys. Fig. 1 shows the solid 
solubility region of the Fe-B diagram based on their 
investigation. They found that boron lowered the 
A, transformation temperature to 1381°C where 7+a 
saturated 6 solid solution “wnich must contain about 915 
0.15 pet B” and “‘y solid solution containing about 900 
0.10 pct B” are in equilibrium with liquid contain- 
ing 1.9 pct B. At the eutectic temperature of 1174°C, 

7 solid solution was found to contain “about 0.15 pct 800+ a a+ FeoB 
B.” A peritectoid relation was found to exist be- 
tween a and y iron with an invariant temperature at 
915°C, where the boron solubility in y iron was 700 | 1 
“about 0.10 pct B” and the solid solubility in a iron 0 0.10 0.20 
“did not exceed 0.15 pct B.” Although most of their WEIGHT PER CENT BORON 


"_M. E. NICHOLSON, Member AIME, is associated with the Insti- Fig. 1—Portion of Fe-B equilibrium diagram after Wever 
tute for the Study of Metals, University of Chicago, Chicago. and Muller.” 

Discussion on this paper, TP 3713E, may be sent, 2 copies, to 
—s by April 1, 1954. Manuscript, Sept. 15, 1953. New York Meet- — investigation was made using thermal analysis and 
ing, ebruary 1954. a meh ; metallography, the solid solubility of boron in a iron 
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Fig. 2—Microstructure of iron boronized 3 hr at 900°C show- 
ing iron boride, Fe,B, case. Etched with picral-nital duplex 
etch. X200. 


was established using X-ray lattice parameter meas- 
urements. 

Because of the apparent success of Wever and 
Miiller in using the X-ray lattice parameter tech- 
nique as a means of determining the limit of solid 
solubility in a@ iron, several precision lattice para- 
meter measurements were made of a decarburized 
high purity iron and an Fe-0.011 pct B alloy. 

The Fe-B alloy was prepared by boronizing (as 
will be described) a rod of decarburized iron to 
produce a case of iron boride, Fe,B, and annealing it 
in vacuo at 1100°C until the core was saturated with 
boron. The Fe-B alloy was then annealed a second 
time in vacuo for 60 hr at 905°C and quenched into 
oil. The 350-mesh filings of this alloy and of the 
specimen of iron were then mixed with fine alundum 
powder to prevent sintering and grain growth dur- 
ing the final heat treatment. The powders were 
finally heated in purified helium for 15 min at 905°C 
and quenched into brine, after which the metal 
filings and alundum were separated magnetically. 
Lattice parameter measurements were made of the 
two samples, using a 50 mm back-reflection focusing 
camera and unfiltered cobalt and chromium charac- 
teristic radiations. The lattice parameters of the 
alloys were computed by using Cohen’s least squares 
method, yielding the following values: 


Iron at 20°C = 2.8664 + 0.0001A 
Fe-B alloy at 20°C = 2.8665 + 0.0001A. 


Since the difference between these values was so 
small, it was concluded that the X-ray method was 
unsatisfactory for studying the variation of the solid 
solubility of boron in iron with temperature. 

A more suitable method for investigating the ex- 
tremely limited solid solubility of boron in iron was 
considered to be by means of a chemical! analysis of 
the saturated solid solution. In addition to the inves- 
tigation of the solid solubility of boron in iron, the 
peritectoid and eutectic temperatures were meas- 
ured by standard thermal analysis. Metallographic 
techniques were used to establish the location of the 
7 solidus line and to verify the eutectic temperature. 


Experimental Details and Results 


Determination of Solid Solubility of Boron in 
Alpha and Gamma Iron: In a two-component system 
the solid solubility of a terminal solid solution may 
be determined by allowing diffusion to occur be- 
tween a pure metal and the intermediate phase with 
which it may coexist until equilibrium is reached, 
and then analyzing the saturated solid solution for 
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the solute element. For determining solid solubility 
of boron in iron, the diffusion couple should consist 
of iron and iron boride, Fe,B. 

To make the couples, pieces of vacuum-melted 
high purity iron cut from a 3 in. diameter ingot ob- 
tained from the National Research Corp., Cam- 
bridge, Mass., were swaged into rods about % in. in 
diameter. The iron ingot had the following analysis: 
0.0035 pet C, 0.001 pct Mn, 0.008 pct Si, 0.054 pct Ni, 
0.001 pet Mg, 0.001 pct Cu, 0.005 pct O, and 0.00015 
pet N. The iron rods, 3 in. long, were placed in an 
alundum boat and surrounded with boron powder 
obtained from the Cooper Metallurgical Associates, 
Cleveland, Ohio, designated as Grade A, 325 mesh 
powder. This boron contained 0.22 pct C, 0.38 pct Fe, 
and 99.30 pct B. The specimens were heated in a dry 
hydrogen atmosphere at a temperature of 900°C for 
2 or 3 hr. As a result of this treatment an iron bo- 
ride case approximately 0.005 in. thick was produced 
on the surface of the iron rods.+ This was sufficient 


*t Previous work at this Institute by S. Harper had shown the 
feasibility of this method. 


to provide forty times the quantity of boron neces- 
sary to saturate the core at maximum solid solubil- 
ity. Fig. 2 shows the microstructure of such a case. 
The iron boride was nickel-plated to prevent the 
porous surface layer from crumbling during polish- 
ing. The black spots are voids in the case. The 
specimen was etched first with 2 pct picral and then 
2 pet nital. The picral etches boron-rich phases 
preferentially. Sometimes the etching is accom- 
panied by a staining of adjacent ferrite. The nital 
removes this stain and delineates more clearly the 
grain boundaries. 

X-ray diffraction of the case showed it was com- 
pletely Fe,B. Thus this technique, which will be 
referred to as boronizing, was suitable for produc- 
ing the desired couples for the solid solubility 
studies. The method had two advantages over the 
normal welding technique for producing diffusion 
couples. First, it produced an iron-iron boride inter- 
face which was continuous and free from contami- 


Table |. Data for Solid Solubility Determination 


Saturation 


Anneal Analysis, Wt Pet 


3 | 
aa 


0. 

0. 

0.0043 
0.0038 

Al treated 
Al treated 
0.0036 
0.0053 


0. 
0.0047 
Al treated 


ecco 
338 


a 


escess 


ecoo 


Al treated 
0.0044 


282 8288 


* Flat specimen, thickness. 
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Tem- Specimen 
pera- Diam- 
ture, Time, eter, Equiv. “O Free” 
°c ur In. Beron Oxygen B B 
1135 
: 1125 0.0134 
1125 0.012 
‘ 1100 0.010 
, 1100 0.011 
1100 
1100 
1075 0.0081 
1075 0.0076 
1000 0.0023 ‘ 
| 1000 0.0036 
1000 
1000 
925 1 0.0012 
925 1 0.0012 
925 . 
900 0 0022 
900 0.0019 
‘ 900 
870 0.0016 
870 1 0.0017 
870 1 
. 800 0.0014 


nants such as B,O,; second, as chemical analysis 
showed, the case was formed without measurable 
earbon pickup. Thus the contaminant which had 
been considered a major cause of error in earlier 
determinations of Fe-B phase equilibria was elimi- 
nated. 

Although no detailed study has been made of the 
gas transfer process, several characteristics of the 
process were noted. It was found that virtually no 
boron was transferred to the iron if the treatment 
was carried out in vacuo or in helium. Even in a 
hydrogen atmosphere, boron transfer was negligible 
unless the iron was intimately surrounded with 
boron powder. 

The iron-iron boride specimens were annealed 
in vacuo for periods listed in Table I. Calculations 
based on data of Wells‘ indicate all specimens were 
annealed for periods sufficient to saturate the iron. 
The sample shape and size were chosen so that: 1— 
after boronizing and annealing to saturation a met- 
allographic specimen could be taken for determining 
the iron boride case depth, 2—the iron boride case 
could be easily and completely removed, and 3— 
samples could be prepared for chemical analysis 
without contamination. After the saturation anneal, 
a metallographic specimen from the middle of the 
rod was examined to determine the maximum depth 
of case. Generally, 0.005 in. more than the maxi- 
mum case depth was removed by grinding to com- 
pletely remove the iron boride case. After remov- 
ing the case, an additional 0.005 in. was turned off 
on a lathe to remove any metal which may have had 
embedded Fe.B particles. A sample of about 100 mg 
was then carefully turned off for chemical analysis. 

Boron analyses were made using the colorimetric 
(quinalizarin) technique developed by the Youngs- 
town Sheet and Tube Co. and described by Dean and 
Silkes.” However, is was modified to the extent that 
a photodensitometer was used for measuring den- 
sities of the final solution. The densities were meas- 
ured at a wavelength of 610 millimicrons. Using 
boron-steel samples obtained from the National 
Bureau of Standards, the colorimetric method was 
found to have an accuracy of about 10 pct at con- 
centrations of 0.004 pct B and about 20 pct at con- 
centrations of 0.001 pct B. The results of saturation 
experiments are shown in Table I and are pre- 
sented graphically in Fig. 3. The 800°C data were 
obtained from diffusion data of boron in iron." 

To determine whether the calculated annealing 
times were sufficient to saturate the core of the solid 
solubility specimens, chemical samples were taken 
from the outside of the core (after removing the 
case) and the center from several annealed rods. 
Analysis of these samples showed the boron content 
of the center was higher than that of the outside. 
It was suspected that an impurity such as oxygen 
which was more concentrated at the center than at 
the outside was precipitating as a boron compound. 

To determine whether oxygen was affecting the 
boron content of the iron, several solid solubility 
samples of low oxygen iron were prepared from an 
aluminum-treated iron. To prepare this alloy, 150 
grams of high purity iron was induction-melted in 
vacuo in a recrystallized alumina crucible. When 
the iron was molten, 5 grams of a Fe-10 pct Al alloy 
was added. The ingot was homogenized in vacuo 
and finally swaged to 0.180 in. diameter. Analysis 
of this ingot showed 0.124 pct free aluminum and 
0.028 pct Al,O,. The boron analyses of the alumi- 
num-treated specimens are included in Table I and 
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Fig. 3—Logarithm of boron content of saturated iron speci- 
mens and corrected boron content plotted as a function of 
reciprocal temperature. 


Fig. 3 and shown graphically in Fig. 4, where the 
boron content of several alloys is plotted as a func- 
tion of oxygen content. The uncombined oxygen of 
the aluminum-treated specimens was assumed to be 
less than 0.0005 pct. At the left a line has been drawn 
which has for its slope the combining ratio of oxy- 
gen to boron in B,O,. This slope equals 2.18 wt pct 
O/wt pet B. From these data which indicate that 
oxygen in the iron combines stoichiometrically with 
boron to form B,O,, it was apparent that to obtain 
the solid solubility of boron in iron, the boron con- 
tents of the iron specimens would have to be cor- 
rected for the influence of oxygen. The oxygen con- 
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Fig. 4—Influence of oxygen content on boron content of 
saturated iron specimens. 
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Table Temperature of a-7 Transformation of Iron and Iron- 
Boron Alloy Determined by Thermal Analysis 


Temperatare, °C 


Specimen Direction T.c.1 T.c.2 
Fe-B Heating 913.2 913.5 
Fe Heating 911.7 912.6 
Fe (check) Heating 911.8 912.5 
Fe-B Cooling 910.6 911.0 
Fe Cooling 908.5 909.9 
Fe (check) Cooling 909.0 909.9 


tent of the solid solubility specimens was measured 
by vacuum fusion analysis. These data are shown in 
Table I as well as the corrected or oxygen-free boron 
contents. 

Determination of the Eutectic and Peritectoid 
Temperatures: The eutectic temperature was deter- 
mined by thermal analysis, using a vacuum-melted 
Fe-3.5 pct B alloy which was remelted in vacuo in a 
recrystallized alumina crucible. The temperature 
was measured by means of a Pt-Pt-10 pct Rh ther- 
mocouple which was protected by an alundum pro- 
tection tube. The alloy was heated to 1250°C and 
allowed to cool at about 0.3°C per min. Although 
the sample was not stirred during cooling, only a 
slight super-cooling occurred. At 1159°C the tem- 
perature remained invariant for 15 min. 

The eutectic temperature was also checked met- 
allographically using an Fe-0.6 pct B alloy. The 
alloy was first cold-worked and homogenized at 
1100°C to destroy the eutectic structure of the ingot. 
Wafers % in. in diameter and \% in. thick were 
heated at the desired temperature in purified helium 
for from 10 to 30 min and then slowly cooled. Fur- 
nace temperatures were measured with a calibrated 
Pt-Pt-10 pet Rh thermocouple. At 1160°C no melt- 
ing was observed. At 1165°C, after 10 min, some 
melting occurred as indicated by small areas of a 
eutectic in the microstructure of the sample. The 
sample heated for 10 min at 1170°C showed a com- 
plete eutectic network. Thus the eutectic tempera- 
ture was considered to be 1165° + 5°C., 

The influence of boron on the A, transformation of 
iron was studied using a differential method of ther- 
mal analysis in which the transformation of an Fe-B 
alloy was compared with the transformation of iron. 
A sample of decarburized iron 4% in. in diameter and 
% in. long was used as a reference material. The 
iron was decarburized by treating in wet hydrogen 
for 24 hr at 850°C followed by a 48 hr treatment in 
dry hydrogen at the same temperature. A hole 1/10 
in. in diameter and 5/16 in. long was drilled on the 
axis of the sample to accommodate a thermocouple. 
The Fe-B alloy was made of a similar sample of iron 
which had been boronized and annealed to satura- 
tion at 1125°C, producing an alloy containing about 
0.015 pet B. The samples were placed in contact 
with 26 gage chromel-alumel thermocouples in a 
cylindrical block of steel 1 in. in diameter and 3% 


Table I!!. Analyses of Arc-Melted lron-Boron Alloys, Wt Pct 


Corrected 
Beron Oxygen Boron 
0.021 0.012 0.016 
0.025 0.011 0.020 
0.029 0.010 0.025 
0.035 0.013 0.029 
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in. long which had been split in half longitudinally 
and machined to accommodate the specimens and 
thermocouples. The block was supported on a tri- 
pod so that it would be centered in the 3% in. diam- 
eter quartz furnace tube. The thermal analysis was 
performed in vacuo. Instead of using a three-wire 
differential thermocouple arrangement, two wires 
were substituted for the common one so that the cou- 
ples were electrically separate. Temperature meas- 
urements of the two specimens were made simultane- 
ously, using type B Rubicon potentiometers with 
sensitivities of 2.5 microvolts per min. After making 
several heating and cooling curves, the specimens 
were interchanged and the measurements repeated. 
The heating and cooling rate of about %4°C per min 
was controlled using a Wheelco program controller 
in conjunction with an Exactline. 

As a check of the method, an additional run was 
made using two specimens of the decarburized iron. 
Since iron was used as a reference, the couples were 
not calibrated. The results are shown in Table II. 
The temperature variation between successive runs 
made without changing specimen positions was 0.1°C 
or less; therefore, data listed are the average of sev- 
eral runs to the nearest 0.1°C. From these data the 
average temperature difference between Fe-B alloy 
and the reference iron was: 


Heating: 1.2 + 0.25°C 
Cooling: 1.5 + 0.4°C. 


The Fe-B alloy transformed at a higher temperature 
than the transformation of iron both on heating and 
cooling. 

Determination of the Solidus: The solidus line was 
determined metallographically at 1185°, 1250°, and 
1350°C, using several arc-melted Fe-B alloys. The 
oxygen content and corrected boron content of 
these alloys are shown in Table III. The samples were 
treated at the desired temperature for 30 min in 
purified helium and quenched into brine. Fig. 5 
shows the resulting microstructures of Fe-B alloys 
containing 0.021, 0.025, 0.029, 0.035 pct B, respec- 
tively. Fig. 5a to d shows the structures of alloys 
quenched from 1350°C and Fig. 5e to h shows the 
structures of the alloys quenched from 1185°C. In 
the 0.029 and 0.035 pct B alloys the grain boundary 
constituent indicates liquid was formed during an- 
nealing both at 1185° and 1350°C. On the other 
hand, the 0.021 pct B alloy shows no evidence of 
liquid but only a fine discontinuous grain boundary 
precipitate typical of Fe-B alloys quenched from 
high temperatures. The microstructures of the 0.025 
pet B alloy are intermediate between the structures 
of 0.021 pct B alloy on one hand and 0.029 and 0.035 
pet B on the other. The grain boundary constituent 
is more continuous than in the 0.021 pct B alloy, 
however it does not exhibit the characteristic mor- 
phology of grain boundary liquids which is evident 
in the 0.029 and 0.035 pct B alloys. It would therefore 
appear that the 0.025 pct B alloy must approximate 
the solidus composition both at 1185° and 1350°C. 
Microstructures of specimens treated at 1250°C 
simply served to show that no significant curvature 
existed in the solidus between 1185° and 1350°C. 
All of these specimens were etched with picral and 
nital. 

Discussion 

In Fig. 3 the logarithm of the boron content is 
plotted as a function of the reciprocal of the absolute 
temperature. All of the data presented are in rea- 
sonable agreement within the error of the analytical 
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a—0.021 pct B. 
a to d—Quenched from 1350°C. 


f—0.025 pct B. 


e—0.021 pct B. 
e to h—Quenched from 1185°C. 


g—0.029 pct B. 


h—0.035 pet B. 


Fig. 5—Microstructures of four Fe-B alloys heated 30 min at the temperatures indicated and quenched in brine. Etched with picral- 


nital duplex etch. X300. 


method except that for an aluminum-treated iron 
saturated at 925°C. This value which is even greater 
than that for high purity iron at the same tempera- 
ture appears to be obviously erroneous. For this 
reason this value was not used in establishing the 
location of the oxygen-free solubility line. From the 
figure it is clear that in y iron a reasonably linear 
relation between temperature and composition ex- 
ists for the oxygen-free solid solubilities, while it 
does not for the uncorrected ones. This would indi- 
cate that the hypothesis regarding the influence of 
oxygen was correct and that solid solubility of boron 
in y follows the behavior of dilute solutions. The 
maximum solubility of boron in oxygen-free y iron 
at the eutectic temperature is 0.021 pct and mini- 
mum solubility at the peritectoid temperature is 
0.001 pet. In a the maximum solubility which occurs 
at the peritectoid temperature is 0.002 pct. The solu- 
bility of boron in a iron shows a much smaller con- 
centration variation with temperature than in y 
iron. 

In considering such limited solubilities as those in 
the Fe-B system, the question arises whether the 
data represent bulk solubilities or grain boundary 
concentrations of solute. If the grain boundary con- 
centration of boron is considerably higher than that 
of the bulk, then it would be expected that the de- 
termined concentrations should vary with the ratio 
of grain boundary area to volume. A measurement 
of this ratio using the method of Smith and Gutt- 
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man’ for all of the alloys treated below the peritec- 
toid temperature showed the variation of this ratio 


was from 4.9 to 13.5 mm". For this variation in 
surface-to-volume ratio there was no observed 
change in boron content. However, grain boundary 
adsorption of considerable magnitude could exist 
for such surface-to-volume ratios and still have any 
related variation in boron content obscured by the 
error of the analytical method. Using 0.0003 pct B 
as being the minimum variation which could be con- 
sidered significant and the above surface-to-volume 
ratios, a simple calculation shows that 10 pct of the 
boron in the sample would have to be adsorbed at 
grain boundaries to be detectable. This adsorption 
is sufficient to form a monolayer of boron at the 
grain boundary. 

The solubility data indicate that a peritectoid re- 
lationship exists between a and y Fe-B solid solu- 
tions. From the solubilities which exist at the trans- 
formation, the change in the transformation tem- 
perature produced by the solid solution of boron 
may be calculated. Using a modification of the Van’t 
Hoff equation,’ 

RT’ A [B] 

AH,, 100 


where AT is the change in temperature of trans- 
formation; T, the transformation temperature of 
pure iron; AB, the difference between the boron 
content of y iron and boron content of a iron in equi- 


AT =— 
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Fig. 6—Fe-B constitution diagram in the low boron range 
based on this investigation. 


librium with it, in atomic percent; and AH,, the heat 
of transformation of iron. Using the following 
values, T 1183, AB 0.005 + 0.0015, AH 212 
+ 30, the value of AT 0.7 + 0.3°C is obtained. 
Thus the theoretical value of AT agrees fairly well 
with the experimental one, considering the error in 
both of these values. The fact that in every deter- 
mination both on heating and cooling (at %4°C per 
min) the Fe-B alloy transformed at a temperature 
above that of the reference iron clearly supports the 
solid solubility evidence that a peritectoid relation 
exists between a and y Fe-B solid solutions. With 
reference to the temperature of the A, of pure iron, 
910°C, as determined by Wells et al.,” the peritec- 
toid becomes 911.3 + 0.4°C. 

In connection with the location of the solidus line, 
as in locating the solid solubility line, it was neces- 
sary to appraise the influence of oxygen of the 
liquid-solid equilibrium and what fraction of the 
total boron was effective as a solute element. In 


view of the fact that the oxygen content was small 
in these alloys, it was assumed that it did not affect 
the equilibrium relations, but that it only reduced 
that effective boron content of the alloys by com- 
bining with boron as B,O,. Therefore the position of 
the solidus was drawn using the calculated oxygen- 
free boron contents of the 0.025 pct B alloy, i.e., 
0.020 pet B. When the solidus was so constructed, 
the triple point as determined by the intersection 
of the solidus and the eutectic temperature falls 
slightly (0.001 pct B) to the left of the triple point 
determined by the intersection of the solid solubil- 
ity line and the eutectic temperature. 

The phase relations of Fe-B alloys based on this 
work are shown in Fig. 6. 
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Technical Note 


Crystallographic Angles for Hexagonal Metals 


by A. Taylor and Sam Leber 


HEN studies of deformation texture, lattice 
stress, and crystal orientation are made, it is 
frequently required to know the interplanar angles 
and subsequently to embody the results of the in- 
vestigation in a stereographic projection. Tables of 
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Table |. Errors in interplanar Angles in Published Tables 


Angle Between (0001) 
and (hkil) Planes 


Taylor Pub- 


ment hkil and Leber lished Author 
Zr 2021 74.76 74.78 McHargue 
Zn 2132 70.57 70.62 Salkovitz 
Ca 2023 55.44 56.21 Salkovitz 
Zn 2025 40.61 41.41 Salkovitz 
Ti 2027 27.64 25.45 McHargue 
Ti 1128 21.64 21.60 McHargue 
Zr 1015 20.15 20.52 McHargue 
Mg 1016 17.35 17.56 Salkovitz 


interplanar angles for hexagonal crystals and stand- 
ard stereonets have so far been obtained for the 
special cases of the unalloyed elements. A set of 
interplanar angles for magnesium, zinc, and cad- 
mium has been compiled by Salkovitz' along with a 
pole figure for zinc. A similar table for titanium 
and zirconium together with a pole figure for tita- 
nium has been published by McHargue,* while a 
pole figure containing only a limited number of 
poles has been drawn for magnesium." 

The extension of orientation and plastic deforma- 
tion studies to alloys of the hexagonal metals has 
made it necessary to widen the scope of the existing 
tables. To a first approximation, interplanar angles 
within the range given by the existing tables, could 
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Fig. 1—Pole figure of magnesium. Axial ratio 1.6235. 


have been obtained by graphical interpolation. When 
this was attempted, it was immediately evident that 
several of the published angles were in error by sig- 
nificant amounts. These values and the corrected 
ones are listed in Table I. 

Since the interplanar angles, 4, are a function only 
of the axial ratio c/a, it is possible to calculate them 
from the well-known formula 


1 
Hh + Kk + -— (Hk + hK) + 


3 
{| w+ nk (4) 


Ll 


3 
4 c 


[1] 


where (HKiL) and (hkil) are the indices of the in- 
tersecting planes. The most frequently required 
angle is that between the basal plane (0001) and 
the general plane (hkil). In this case, the formula 


reduces to 
3 
v2 l 
4 c 


—— [2] 
3 2 
{ne 4 hk + ket + 


cos 


\ 


ae 
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Table Il. Angles Between Crystallographic Planes for the Hexagonal System 


1.550 1.600 1.650 1.700 


1.750 1.800 1.850 1.900 


A further computational simplification may be 
made by working in angles of 2¢. Since cos 2¢ = 
2 cos’é — 1, then 


| (ey hk +k |- 3] 
3 


The more important interplanar angles have been 
computed by means of Eq. 3 for axial ratios ranging 
from 1.500 to 2.000 at c/a intervals of 0.050 and are 


Table Ill. Angles Between Crystallographic Planes for 
Hexagonal Elements 


Be Ti Ze Meg Za ca 
c/as 
HKiL hkil 1.5847 1.5873 1.5803 1.6235 1.8563 1.8859 
0001 1018 12.88 «12.900 «= 13.19 15.23 


1010 2130 19.11 19.11 19.11 19.11 19.11 19.11 
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given in Table II. Ail the angles were computed by 
means of Peters’ tables‘ to 0.001 of a degree and 
rounded off to the second decimal place, this being 
considered more than ample for most goniometric 
work. The angles are also presented in decimal 
notation since the modern trend is away from the 
system using minutes and seconds to represent 
fractions of a degree. 

Table III gives interplanar angles calculated for 
the hexagonal elements using the most recently 
available data for the axial ratios. They were cross- 
checked by plotting curves relating interplanar 
angle with (c/a), using values listed in Table II, 
and interpolating. Finally, a new pole figure for 
magnesium is presented in Fig. 1 which is much 
more complete than the one originally given by 
Schmidt and Boas. Its principal value lies in the 
fact that it corresponds very closely to the pole fig- 
ure for a hexagonal close-packed structure consist- 
ing of theoretically perfectly spherical atoms and 
with an axial ratio of 1.633. 

Table II may be used to interpolate interplanar 
angles for hexagonal crystals with a high degree of 
accuracy for intermediate values of c/a. A similar 
set of tables could have been constructed to cover 
tetragonal crystals. 
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2.000 
; 0001 1018 12.22 12.61 13.00 13.40 13.79 14.18 14.57 14.95 15.34 15.72 16.10 
1017 13.90 14.34 14.78 15.23 15.66 16.10 16.54 16.97 17.40 17.83 18.26 
igs 1016 16.10 16.61 17.12 17.62 18.12 18.61 19.11 19.60 20.08 20.57 21.05 
| 1015 19.10 19.70 20.28 20.86 21.44 22.00 22.57 23.14 23.69 24.24 24.79 
1014 23.41 24.11 24.79 25.47 26.14 26.80 27.46 28.10 28.74 29.38 30.00 
? 2027 26.33 27.08 27.83 28.56 29.29 30.00 30.70 31.40 32.08 32.76 33.42 
+ 1013 30.00 30.82 31.63 32.42 33.20 33.96 34.71 35.45 36.18 36.89 37.59 
2025 34.72 35.60 36.46 37.31 38.14 38.95 39.74 40.48 41.27 42.01 42.73 
’ 1012 40.89 41.82 42.73 43.61 44.46 45.30 46.10 46.89 47.65 48.39 49.11 
2023 49.11 50.03 50.93 51.79 52.62 53.41 54.18 54.92 55.64 56.33 57.00 
‘ 1011 60.00 60.81 61.58 62.31 63.01 63.67 64.31 64.91 65.50 66.05 66.59 
2021 73.90 74.39 74.86 75.30 75.71 76.10 76.47 76.83 77.16 77.48 77.78 
1010 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 
2132 68.42 67.10 67.75 68.36 68.94 69.49 70.01 70.51 70.99 71.44 71.88 
2131 77.69 78.08 78.44 78.78 79.10 79.41 79.69 79.97 80.22 80.47 80.70 
2130 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 
1128 20.56 21.18 21.80 22.42 23.02 23.63 24.23 24.82 25.41 25.99 26.56 
1126 26.56 27.32 28.07 28.81 29.54 30.26 30.96 31.66 32.35 33.02 33.69 
e 1134 36.87 37.78 38.66 39.52 40.36 41.19 41.99 42.77 43.53 44.28 45.00 
1122 56.31 57.17 58.00 58.78 59.53 60.26 60.94 61.61 62.24 62.85 63.44 
1120 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 
f 1010 2130 19.11 19.11 19.11 19.11 19.11 19.11 19.11 19.11 19.11 19.11 19.11 
1120 30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00 
. 0110 60.00 60.00 60.00 60.00 60.00 60.00 60.00 60.00 60.00 60.00 60.00 
+ 
1017 14.65 14.67 14.69 14.99 17.03 17.28 
1016 «16.96 «6616.99 «19.66 -:19.95 
1015 20.10) 20.13) 20.15 20.55 23.210 23.53 
1014 «24.58 24.65 25.11 28.19 28.56 
2037 4927.60 27.64 27.67 28.17 3148 31.89 
1013 31.38 31.42) 31.450 32.00) 35.55 0-35.98 
2035 3620 36.25 3629 36.87 40.61 41.06 
1012 42.46 42.540 «43.15 46.98) 47.43 
2033 (450.66 50.70 50.74 51.31 55.02 55.44 
1011 «= 61.34) «61.38 «61.41 61.92 64.99 65.33 
2031 74.72 74.74 74.76 75.07 76.87 17.07 
1010 0.00 (90.00) (90.00) 90.00 90.00 
2152 67.55 67.59 6761 68.04 70.57 70.86 
4 2131 7833 78.35 78.36 78.60 80.00 980.15 
2130 96.00) 90.00) (90.00) (90.00 90.00 
1138 21.61 21.64) 21.71 22.09 24.89 25.24 
11360 27.85 «27.88 28.420 31.75 0-32.16 
1124 «38.390 38440 38.47) 39.07 42.87 43.32 
1122 «557.75 «57.79 «557.82 58.37) «61.69 62.07 
1130 90.00 - 90.00 90.00 90.00 90.00 
: 1120 30.00 30.00 30.00 30.00 30.00 30.00 
0110 60.00) «60.00 60.00 60.00 60.00 


Influence of Oxygen, Nitrogen, and Carbon on The 


Phase Relationships of the Ti-Al System 
by R. J. Van Thyne and H. D. Kessler 


Phase diagrams of the titanium-rich portion of the ternary sys- 


tems from 0 to 10 wt pct Al and 0 to | wt pct O, N, and C were 
determined. Micrographic analysis of annealed high purity arc 
melted alloys was the principal method of investigation and was 


ITANIUM-ALUMINUM alloys exhibit excellent 
properties, particularly for elevated tempera- 
ture use. For this reason, the Materials Laboratory, 
Wright Air Development Center, sponsored an in- 
vestigation of the effect of the interstitially soluble 
contaminants, oxygen, nitrogen, and carbon, on the 
Ti-Al system. Using high purity arc melted alloys 
and micrographic analysis of annealed samples as 
the chief method of investigation, titanium-rich par- 
tial phase diagrams were determined for the ternary 
systems. 

Experimental Procedure 


Materials: The titanium used in the preparation 
of the alloys was iodide crystal bar (99.9+ pct pure) 
produced by the New Jersey Zinc Co. and Foote 
Mineral Co. 

The aluminum was obtained from the Aluminum 
Co. of America in the form of sheet. The given 
analysis was: Si, 0.0006 pct; Fe, 0.0005; Cu, 0.0022; 
Mg, 0.0003; Ca, <0.0006; Na, <0.0005; and Al, 99.99. 

High purity titanium dioxide purchased from the 
National Lead Co. was used in the preparation of 
the oxygen-bearing alloys. The spectrographic anal- 
ysis of this material was as follows: SiO., 0.07 pct; 
Fe.O,, 0.002; Al,O,, <0.001; Sb,O,, <0.002; SnO,, 
<0.001; Mg, <0.001; Cb, <0.01; Cu, 0.0004; Pb, 
0.002; Mn, <0.00005; W, <0.01; V, <0.002; Cr, 
<0.002; Ni, <0.001; and Mo, <0.002. 

Special spectroscopic graphite rod purchased from 
the National Carbon Co. was used in the preparation 
of the Ti-Al-C alloys. 

Alloy Preparation: Alloy ingots weighing 10 
grams were melted in a nonconsumable tungsten 
electrode arc melting furnace using water-cooled 
copper hearths and a helium atmosphere. The arc 
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supplemented by X-ray diffraction. 


was struck on a tungsten stud in the copper block 
to minimize contamination from the electrode. De- 
tails of the techniques have been reported." * Each 
ingot was inverted and remelted a minimum of four 
times to insure homogeneity, without opening the 
furnace. Remelting small control ingots of iodide 
titanium under similar conditions resulted in no 
measurable hardness increase, indicating contami- 
nation-free melting conditions were used. 

The alloy charges and resultant ingots were 
weighed to the nearest milligram. Only small 
weight losses were obtained upon melting, indi- 
cating that the actual compositions were very close 
to the nominal compositions. Check analyses sub- 
stantiated this. 

Oxygen and nitrogen were added during ingot 
preparation as master alloys. An oxygen master 
alloy containing 25 wt pect O was prepared by melt- 
ing iodide titanium and pressed titanium dioxide 
(40 pet O) powder. The Ti-25 pct O alloy is more 
easily handled during weighing and charging than 
the pressed TiO, powder. Chemical analysis indi- 
cated that titanium-nitride received from an out- 
side source contained large amounts of impurities 
(2.7 pet Ca). Therefore, a master alloy containing 
approximately 12 pet N was prepared by melting 
nitrided sponge titanium. As the sponge melted 
with difficulty, the alloy was diluted by addition of 
titanium to lower the melting point. The chemical 
analysis of the final alloy was 6.69 pct N. Both 
master alloys are friable and were used as —8 +16 
mesh lumps resulting from crushing the ingots. 
Melting the Ti-Al-O and Ti-Al-N compositions five 
times produced homogeneous ingots. 

The preparation of homogeneous carbon-bearing 
alloys caused considerable difficulty. Alloys con- 
taining less than 1 pet C were prepared using spec- 
trographic graphite rod, %& in. diameter by % in. 
long. However, the graphite did not dissolve even 
with long melting times and many remelts. The 
¥% in. pieces of graphite were used rather than pow- 
der because the low density powder is troublesome 
in are meiting. 
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Fig. 1—Vertical sections at constant oxygen content of the partial 
Ti-Al-O system. 


Efforts were then turned to producing a good 
master alloy. When a tungsten-tipped electrode was 
used, tungsten contamination would result from the 
high current and long melting times required; there- 
fore, a carbon tip was employed. The amount of 
carbon pick-up from the tip during melting was 
rather erratic. Homogeneous ingots containing a 
few percent carbon were difficult to melt and were 
not frangible. A 13 pct alloy had a very high melt- 
ing point; consequently, this composition was dis- 
carded. As a 30 pct master alloy was melted more 
easily than those of lower composition and was fri- 
able, this composition was used. Often the master 
alloy consisted of an inner core of compound sur- 
rounded by a case of apparently lower melting alloy. 
This difficulty was circumvented by crushing the 
ingot to powder and remelting. 


quenched atter annealing at 1000°C for the some as the sample of Fig 3. a + 8. 
24 br. Transformed 8. Etchant: HNO,- Etchant: HNO,-HF-glycerine. X200. 


HF glycerine. X200. 
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Ti-Al-C ingots were prepared using pieces of the 
‘0 pet alloy (chemical analysis, 30.0 pet C) approxi- 
-ately % in. in size and melting five times. It was 
found necessary to keep the ingots molten for longer 

times than are usually employed. A tungsten-tipped 

electrode was employed as the melting currents and 
times were not excessive. 

Annealing Treatments: As-cast samples were an- 
nealed in quartz (above 1100°C) or Vycor bulbs. At 
lower temperatures, the bulbs were sealed under 
high vacuum but above 1000°C a partial pressure of 
argon was used to prevent their collapse. Table I 
gives information on the annealing times used for 
various temperatures. The specimens that were 
heat treated at 750° and 600°C were first annealed 
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Fig. 2—Vertical sections at constant nitrogen content of the partial 
Ti-Al-N system. 


Fig. S—10 pct Al-0.25 pct N alloy treated 
the same as the sample of Fig. 3. Large 
grained isothermal a. Etchant: HNO,- 
HF -glycerine. X200. 
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Fig. 6—Average Vickers hardness of Ti-Al-O alloys annealed in the 
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Fig. 7—Average Vickers hardness of Ti-Al-N alloys annealed in the 
a phase space at temperatures between 700° and 1100°C. 
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Fig. 8—Probable type of phase diagram for the partial system 

Ti-c. 


at 950°C for 48 hr and then furnace cooled to the 
temperature of final annealing. The furnace tem- 
perature control was + 3°C below 1100°C, and about 
+10°C for high temperatures. 


Discussion of Results 
Systems Ti-Al-O and Ti-Al-N 


Phase Diagrams: Figs. 1 and 2 illustrate partial 
vertical sections through the Ti-Al-O and Ti-Al-N 
space models, respectively. The phase diagrams 
were constructed placing emphasis on the binary 
intercepts of the previously determined Ti-Al’ and 
Ti-O' systems. As can be seen, both oxygen and 
nitrogen raise the B/a + £8 space boundary and 
widen the a + £ field of the Ti-Al system. Nitrogen 
raises the 8/a + 8 boundary appreciably more than 
oxygen. No attempt was made to locate the B/a + B 
boundary for alloys containing 1 wt pct N. 

Microstructures of Ti-Al-N alloys containing 0.25 
pet N are presented in Figs. 3 to 5, which depict the 
B, a + B, and a fields, respectively. The 8 phase is 
not retained upon water quenching the Ti-Al-O or 
Ti-Al-N alloys but transforms to a serrated or acic- 
ular a’ structure. The addition of the interstitially 
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Fig. 9—13 pet C al- 
loy arc melted and 
chill cast. TiC plus 
transformed at the 
grain boundaries. 
Etchant: HNO,-HF- 
glycerine. X250. 
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soluble elements appears to refine the transforma- 
tion structure. 

Hardness: Vickers hardness data obtained for Ti- 
Al-O and Ti-Al-N alloys, annealed in the a field, are 
presented graphically in Figs. 6 and 7, respectively. 
Considerable difficulty was encountered in obtaining 
reproducible values. Large differences in average 
values were produced by successively grinding out 
the old impressions and making new ones. For ex- 
ample, a series of values obtained by the latter 
method on a Ti-8 pct Al-1 pet O sample annealed at 
900°C were 394, 435, 470, and 496 DPH. The reasons 
behind these hardness variations are not known but 
upon averaging the values for several temperature 
levels, correlatable data were obtained as illus- 
trated in Figs. 6 and 7. 

The results show that for a given aluminum level, 
the hardness generally increases with increasing ox- 
ygen and nitrogen content; nitrogen has the greater 
hardening effect. Although not conclusive, previ- 
ously determined data of the Ti-Al system indicated 
a peak hardness at about 11 pct Al for alloys an- 
nealed in the a field.” The average hardness data of 
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Fig. 11—Partial Ti-C phase diagram. 
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Fig. 10—30 pet C 
alloy arc melted and 
chill cast. Eutectic 
structure. Unetched. 


Ti-Al alloys annealed at 700° and 800°C are repro- 
duced in the figures for comparison. 

A hardness peak is apparent for all the curves in 
Figs. 6 and 7. The composition of maximum hard- 
ness moves to lower aluminum contents with in- 
creasing amounts of the interstitial elements. The 
greatest effect was found with 1 pct N; the maxi- 
mum hardness of over 500 Vickers occurs at about 
3 to 4 pet Al. A minimum in the curve for 1 pct N 
has been shown as a dashed line because only a few 
data points are available at these compositions and 
only this one curve exhibits the minimum. The 
curve may very likely be correct as it is expected 
that with increasing aluminum content the hardness 
curve for ternary alloys has a minimum similar to 
that obtained for the Ti-Al alloys. Data for the 
latter alloys indicate a minimum hardness at 16 pct 
Al. As the a field of the Ti-Al system extends to 25 
pet Al at the temperature involved, and no phase 
changes are known to occur at lower temperatures, 
the reason for the indicated hardness minimum in 
the binary or ternary alloys is not known. 
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Fig. 12—Vertical section at 2 pct Al content of the partial Ti-Al-C 
system. 
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System Ti-Al-C 

Ti-C Diagram: Data obtained from as-cast micro- 
structures of the various master alloys containing 
up to 30 pct C permitted an outline of the Ti-C sys- 
tem to be constructed. The probable diagram is pre- 
sented in Fig. 8. 

Extremely high melting alloys in the compound 
region indicated an open maximum for TiC. Fig. 9 
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system. 
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Fig. 16—Vertical section at 10 pct Al content of the partial Ti-Al-C 
system. 


illustrates the duplex 8 + TiC microstructure of a 
13 pet C alloy. A nominal 15 pct C master alloy was 
entirely TiC. Therefore, the lower limit of the TiC 
phase field is near 15 pct C. The compound appears 
to exist over a range of compositions; the lower limit 
of TiC lies close to 15 pet C and the stoichiometric 
composition is 20 pct. 

The eutectic shown in Fig. 8 was based on the 
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Fig. 17—0.6 pct C alloy annealed at 950°C 
for 48 hr and water quenched. TiC in a 
matrix of transformed 8. Etchant: HNO,- 
HF glycerine. X200. 


structural appearance of a 30 pct alloy, Fig. 10. This 
sample also seemed to melt at a lower temperature 
than the 15 pet C alloy. Collaborative X-ray dif- 
fraction studies of this eutectic alloy indicated only 
TiC; therefore, the other phase is apparently graph- 
ite. The fact that black material can be rubbed off 
the alloys of high carbon content corroborates the 
presence of graphite. 

As part of the Ti-Al-C investigation, the Ti-C 
diagram to 1 pct C was studied and the results are 
presented in Fig. 11. The diagram agrees closely 
with previous investigations.” A more detailed 
study of the binary system indicates that the peri- 
tectoid reaction occurs at 920°C + 3°C and that the 
probable diagram presented in Fig. 8 is correct to 20 
pet C.* 

Ti-Al-C Diagram: The Ti-Al-C diagram is pre- 
sented by a series of vertical sections through the 
space model at constant aluminum contents. Al- 
though isotherms were constructed for each of the 
eight annealing temperatures, no isothermal sections 
are given as the equilibria involved are best illus- 
trated by the vertical sections. The phase bounda- 
ries were not drawn based on data of any one verti- 
cal cut alone. Graphical interpolation, using all of 
the vertical and isothermal sections, was used to 
obtain the phase boundaries. 

Emphasis was placed on the binary intercepts of 


Fig, 18—4 pct Al-0.6 pct C alloy annealed 
at 950°C and water quenched. Large 
equiaxed grains of a. 
HF-glycerine. Polarized light. X200. 


Table li. X-Ray Diffraction Data for a Ti-10 Pct Al-1 Pet C Alloy” 


d (Ob- d (Calea- 
Intensity served), lated),t 
Observed! kx kx 


— 


a 
= 


* Alloy annealed at 750°C for 240 br and water quenched. In- 
dexed on a cubic lattice, a 11.20 kX 

tm, medium; wm, weak medium; w, weak; vw, very weak; ft, 
faint; vft, very faint; vvft, very very faint. 

t Calculated from a 11.20 kX 
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Fig. 19—8 pct Al-0.8 pct C alloy water 
quenched after annealing at 900°C for 
72 br. a@ + TiC. Etchant: HNO,-HF- 
glycerine. X750. 


Etchant: HNO,- 


Fig. 20—10 pet Al- 
0.8 pct C alloy treat- 
ed the same as the 
sample of Fig. 19. 
a + unidentified 
phase and probably 
TiC. Etchant: HNO,- 
HF-glycerine. X750. 


the Ti-Al system and the phase boundaries of the 
drawings agree with the Ti-Al diagram previously 
published.’ Principle features of the Ti-Al diagram 
include extensive solubility of aluminum in both a 
and £8 and a peritectoid reaction, 8 (29 pct Al) + 
TiAl (35 pet Al) = @ (31 pct Al) at 1240°C. The 
phase relationships were drawn assuming that there 
is little solubility of aluminum in TiC. 

An outstanding feature of the vertical sections 
presented in Figs. 11 to 16 is the increase in the 
extent of the a field to higher temperatures and 
higher carbon compositions with greater aluminum 
contents. Whereas the maximum solubility of car- 
bon in a is near 0.5 pct in the binary system, it is 
increased to over 1 pct with 10 pct Al in the alloy. 

It can be seen in the succeeding diagrams (Figs. 
12 to 16) that in the ternary system the peritectoid 
reaction, 8 + TiC = a, occurs over a range of tem- 
peratures and moves to higher temperatures with 
greater aluminum contents. The effect of aluminum 
on increasing the solubility of carbon in a and rais- 
ing the temperature of the peritectoid reaction is 
illustrated by Figs. 17 and 18. Both alloys were 
annealed at 950°C; they were located in the 8 + TiC 
and a spaces, respectively. Boundaries of the a + £8 
+ TiC space have been shown as dashed lines as it 
is difficult to differentiate between a and a’ in the 
microstructures containing large amounts of TIC. 
X-ray diffraction was not useful for this determina- 
tion as the 8 phase transforms to a’ upon water 
quenching. 

Certain identification of the indicated a + TiC 
microstructures could be made for alloys with alu- 
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minum contents of 0 to 8 pct for all carbon compo- 
sitions (0 to 1 pct). TiC was also definitely observed 
in the Ti-10 pct Al-0.4 pct C sample. However, 
microstructures unlike those for the other alloys 
were observed for the following: Ti-10 pct Al-0.6 
pet C, Ti-10 pet Al-0.8 pct C, and Ti-10 pct Al-1.0 
pet C. 

Micrographs of Ti-8 pct Al-0.8 pct C and Ti-10 
pet Al-0.8 pct C alloys, annealed as 900°C for 72 hr 
and water quenched, are presented in Figs. 19 and 
20, respectively. The former consists of a + TiC and 
the latter is apparently a plus a different phase and 
probably TiC. An X-ray diffraction pattern was ob- 
tained for a Ti-10 pct Al-1.0 pct C alloy annealed at 
750°C for 10 days and was identified as a plus a new 
phase. The lines of the new phase (Table II) could 
not be indexed as TiC, TiAl, or TiAl, but were in- 
dexed as belonging to a cubic structure. As seen in 
Table II, close correlation was obtained between the 
experimental and calculated lattice parameter val- 
ues; therefore, the phase apparently has a cubic 
structure with a = 11.20 kX. Using X-ray diffrac- 
tion, the new phase was not observed in the Ti-1.0 
pet C or Ti-8 pct Al-1 pet C samples. 

Because of the uncertain identification of the 
Ti-10 pct Al-(0.6, 0.8, 1.0) pet C alloys, the a/a + 
TiC boundary in Fig. 16 has been dashed above 0.5 
pet C. A reaction could occur that would bring a 
new phase into equilibrium in the section illustrated 
by Fig. 16. A series of ternary phases having the 
compositions Ti,X,O and Ti,X,O has been studied.’ 
It is possible that a similar ternary intermediate 
phase is formed in the Ti-Al-C system. 

Hardness: Vickers hardness data were obtained 
for the Ti-Al-C alloys used for the phase diagram 
study. At any given aluminum content, the most 
pronounced hardening occurs when the carbon is 
taken into solution in a titanium. Increasing amounts 
of carbon beyond the solubility limit result in a rela- 
tively small increase in hardness. 

Fig. 21 illustrates the effect of increasing alumi- 
num and carbon content on the hardness of a alloys. 
The data represent average hardness values ob- 
tained for one or more heat treatments in the « 
field. The curve for 8 pct Al lies above that for 10 
pet; however, this is within experimental accuracy. 
Above 0.6 pet C, the data indicate a hardness peak 
or plateau; however, the curves have been shown as 
dashed lines as only a few data points are available 
at these higher alloy contents. 


Summary of Results 

Ti-Al-(O and N) Systems: Both oxygen and ni- 
trogen raise the B/a + 8 space boundary and widen 
the a + £ field of the Ti-Al system. The £8 phase 
transforms to a’ upon water quenching. The hard- 
ness of ternary alloys is increased by the addition of 
oxygen or nitrogen. A hardness peak, which was 
found to occur at about 11 pct Al in the Ti-Al sys- 
tem, moves to lower aluminum contents and higher 
hardnesses with increasing amounts of oxygen or 
nitrogen for alloys annealed in the a space. 

Ti-Al-C System: A probable Ti-C diagram to 30 
pet C is presented. The lower composition limit of 
a very high melting compound, TiC, occurs near 15 
pet C. A eutectic between TiC and carbon exists at 
about 30 pct C. 

Vertical sections of the Ti-Al-C system illustrate 
the solubility of carbon in a increases with greater 
aluminum contents. The solubility is increased to 
over 1 pct C at 10 pct Al. The peritectoid reaction 
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Fig. 21—Average Vickers hardness of Ti-Al-C alloys annealed in 
the a phase space at temperatures between 600° and 1150°C. 


of the Ti-C system occurs at successively higher 
temperatures in the ternary system. An unidentified 
phase was observed in samples of high alloy content. 
For a given aluminum content, the hardness of a 
titanium increases with greater carbon contents. 
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Titanium-Chromium-Oxygen System 


by Chih-Chung Wang and Nicholas J. Grant 


The Ti-Cr-O ternary system has been studied in detail near the 


titanium-rich corner within the limits of 10 wt pct O. and 20 wt 
pct Cr. Studies were extended, but not in detail, to the region be- 
yond 25 wt pct O. (50 atomic pct) and 62 wt pct Cr (60 atomic pct). 
Four isothermal sections at 1400°, 1200°, 1000°, and 800°C are 


URING the last decade much interest has been 
shown in the development of high strength tita- 
nium alloys for high temperature and corrosion 
resistant applications. Extensive research is being 
carried out at present, as the current literature indi- 
cates, in order to study the properties of titanium 
and to develop improved alloys. Two of the impor- 
tant alloying elements in commercial titanium alloys 
are chromium and oxygen and it would be desirable 
to know their combined influence upon titanium. 
For this purpose the present work was carried out 
to investigate the titanium-rich corner of the ter- 
nary system Ti-Cr-O. 

The binary systems: Ti-Cr and Ti-O have been 
published recently. The Ti-Cr system was studied 
by several investigators'* and their results are in 
close agreement. The eutectoid decomposition of the 
B phase has been shown to be extremely sluggish. 
TiCr, was the only intermetallic compound found in 
this binary system and was formed at 1350°C by a 
transformation from the 8 phase. TiCr, was estab- 
lished as the cubic C 15 (MgCu,) type of structure 
with 24 atoms per unit cell and was designated as 
the y phase.” This terminology will be adopted in 
the present work. There was disagreement about 
the actual composition of this compound among the 
several investigators, although it is evident from 
their data that the compound probably has a solu- 
bility range of about 2 to 3 pct and is in the vicinity 
of 65 pet Cr. It has been indicated recently that a 
high temperature modification of this y phase (TiCr,) 
existed at a temperature above 1300°C."" This high 
temperature modification was identified as a hex- 
agonal C 14 (MgZn,) type of structure with 12 


C. C. WANG, Associate Member AIME, formerly Research Assis- 
tant, Dept. of Metallurgy, M.1.T., is now associated with engineering 
group, Sylvania Electric Products, Inc., Ipswich, Mass., and N. J. 
GRANT, Member AIME, is Associate Professor of Metallurgy, Mas- 
sochusetts Institute of Technology, Cambridge, Mass. 

Discussion on this paper, TP 3699E, may be sent, 2 copies, to 
AIME by April 1, 1954. Manuscript, Sept. 15, 1953. New York Meet- 
ing, February 1954. 

This paper is based on a thesis by C. C. Wang submitted in 
partial fulfillment of requirements for the degree of Doctor of 
Science to the Dept. of Metallurgy, Massachusetts Institute of 
Technology. 


200—JOURNAL OF METALS, FEBRUARY 1954 


presented as well as two vertical sections at 1 and 2 wt pct O,. 


atoms per unit cell. The exact transformation tem- 
perature from the high temperature phase to the 
low temperature phase has not been established. A 
considerable hysteresis was observed and, due to the 
sluggishness of this transformation, the high tem- 
perature phase often co-existed with the low tem- 
perature phase at temperatures below 1300°C. 

A preliminary study of several Ti-O compounds 
and the Ti-O system had been carried out by Ehr- 
lich.” ” The most complete binary Ti-O system was 
the one reported recently by Bumps, Kessler, and 
Hansen." The first intermediate phase found in the 
system was the 4 phase which formed by a peritec- 
toid reaction of the phases a and TiO at tempera- 
tures below 925°C. This reaction is extremely slug- 
gish. The structure of this 6 phase was tentatively 
identified by these authors as being tetragonal and 
the lattice constants were found as c, 6.645A, a, 

5.333A and c/a = 1.246A. 


Experimental Procedure 

The raw materials used for this investigation were 
TiO,, electrolytic chromium, iodide titanium, and 
sponge titanium. The TiO, was in the form of pow- 
der of chemically pure grade (99.8 pct pure). The 
chemical analysis of the electrolytic chromium was: 
O, 0.50 pet; Fe, 0.07; Cu, N, and C, 0.01; and Pb, 
0.001. The oxygen in the chromium was calculated 
as part of the final oxygen content of the alloys. 

The alloys were prepared by the cold crucible 
method using a tungsten arc. The entire system was 
evacuated and flushed with purified helium three 
times and then filled with helium. Each alloy was 
melted, turned over, and remelted at least four 
times to insure homogeneity. The total melting time 
was generally from 6 to 10 min. 

A master alloy of 25 pct O.-75 pct Ti was pre- 
pared to facilitate alloying by melting compacts of 
TiO, powder with either iodide or sponge titanium, 
yielding the compound TiO. It was found necessary 
to bake the TiO, powder compact at about 150°C to 
remove adsorbed moisture. This was done to pre- 
vent the disintegration and spattering of the com- 
pact when the are was struck. TiO, powder dis- 
solved quite readily into the melt and no other 
trouble was encountered. 
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Fig. 1—Alloys prepared with iodide titanium for the study of the 
titanium-rich corner of the Ti-Cr-O system, weight percent. 


The experimental alloys were made by melting 
the master alloy with the correct amount of tita- 
nium and chromium. Each alloy was weighed accu- 
rately before and after melting except some alloys 
in the extended regions of the ternary. The study of 
weight loss was intended to give an approximate 
check as to whether there was excessive loss of 
alloying constituents during melting. Comparison of 
the weight loss with the results of chemical analysis 
for chromium on several alloys showed that when 
the weight loss was high it was usually due to a 
greater loss of chromium. Loss of oxygen was also 
indicated at times in these alloys; accordingly, alloys 
with weight losses over 1 pct for the alloys in the 
titanium-rich corner, and over 2 pct for the alloys 
with higher chromium and oxygen content were 
discarded and new alloys prepared. The nominal 
composition of the alloys was used in this work; 
however, it is estimated that the actual composition 
of chromium and oxygen in the alloys used differed 
by considerably less than 1 wt pct in the titanium- 
rich corner, and by less than 2 wt pct in the ex- 
tended region. 

Thirty-two alloys made of iodide titanium were 
prepared for the investigation of the titanium-rich 
corner and are shown in Fig. 1. For practical pur- 
poses, the compositions are plotted as weight per- 
cent. Thirty-three alloys, numbers 33 to 65, were 
prepared for the study of the extended region and 
their compositions are shown as atomic percent in 
Fig. 2. These latter alloys were made by using 
sponge titanium except the alloys 37 (14.3 O,-42.9 
Cr), 50 (12.0 O,-42.0 Cr), and 64 (50.0 O.-0 Cr), 
which were made from iodide titanium. The use of 


Fig. 2—Alloys Nos. 33 to 65 
prepared for the study of 
the extended region of the 
Ti-Cr-O system, atomic per- 
cent. Location of alloys Nos. 
1 to 32 also included. 


atomic percent permits an expansion of the oxygen 
axis in several of the subsequent figures without 
severe crowding of the various phase fields. 

The alloys became increasingly brittle as their 
oxygen and chromium contents increased. Most of 
the alloys having compositions lying in the extended 
region, and especially those with higher oxygen 
content, cracked into several pieces on cooling in 
the copper crucible after solidification. All the alloys 
had a metallic, silvery luster except numbers 40 
(43.0 O,-9.6 Cr), 63 (46.5 O,), 64 (50.0 O,), and 65 
(53.7 O,.), which had a yellowish-golden color, the 
characteristic color of the TiO phase. 

Although coring (microsegregation) was present 
in most of the alloys, especially in those of high oxy- 
gen and chromium contents, no evidence of ingot 
segregation (macrosegregation) was observed. This 
was verified by analyzing for chromium from three 
different portions of each of a number of alloys. 

The as-cast ingots of the highly alloyed heats 55 
(20.0 O,-46.0 Cr), 56 (20.0 O,-60.0 Cr), and 60 
(30.0 O,-30.0 Cr) clearly showed two layers. This 
could not be prevented simply by increasing the 
melting time or power setting. Metallographic ex- 
amination did not reveal any ingot segregation with- 
in each layer. 

Specimens to be heat treated were sealed under 
purified argon in Vycor, however for temperatures 
above 1300°C, quartz tubing was used instead. Prior 
to the final annealing treatments all the alloys were 
homogenized at 1300°C for 6 to 8 hr. Metallographic 
examination showed that coring and the as-cast 
structure were completely removed, except for a 
few of the alloys with the highest chromium and 
oxygen contents. 

Since the phase transformations in this ternary 
system were generally very sluggish, it was neces- 
sary to determine the annealing time required to 
attain equilibrium at each temperature. This was 
done by studying the microstructures of several 
specimens after they had been annealed at different 
temperatures for increasing periods of time. Table I 
lists the range of annealing times selected. At each 
temperature the longer annealing time was used for 
alloys of higher oxygen and chromium contents. 

The quenching of alloys annealed at, or below, 
1200°C was done by quickly withdrawing the sealed 
Vycor capsule from the furnace and breaking it 
under water. For homogenization treatment speci- 
mens were quenched without breaking the Vycor 
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Fig. 3 ‘a, above; b, below) —1400° and 1200°C isothermal sections 
of titanium-rich corner of the Ti-Cr-O system. 
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tube. Water quenching of specimens annealed at 
1400°C resulted, in several cases, in an attack of the 
grain boundaries, causing the specimens to disinte- 
grate. Accordingly, all the specimens annealed at 
1400°C were quenched in liquid argon. 

Metallographic and X-ray diffraction methods 
were the main methods used in this work. Metallo- 
graphic specimens were prepared by using the 
standard polishing techniques. The usual etching 
reagent was a solution of one part hydrofluoric acid, 
one part nitric acid, and two parts glycerin. A 
second etching reagent, an aqueous solution con- 
taining 3 pet hydrofluoric acid and 2 pct nitric acid, 
was sometimes used with about equal results. 

The X-ray diffraction patterns were made on a 
Norelco recording X-ray Spectrometer, using copper 
Ke radiation with a nickel filter. X-ray specimens 
were prepared by crushing and grinding the central 
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Fig. 4 (a, above; b, below) —1000° and 800°C isothermal sections 
of titanium-rich corner of the Ti-Cr-O system. 
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Table |. Annealing Times for Ternary Ti-Cr-O Alloys 


Annealing Temperature, °C Annealing Time, Hr 


parts of the annealed specimens to minus 200 mesh. 
The lines of the X-ray patterns obtained from these 
powders were sharp, hence a stress relieving anneal 
was not necessary. 


Experimental Results and Discussion 

Titanium-Rich Corner of the Ti-Cr-O System: 
This region includes up to about 10 wt pct O, and 20 
wt pet Cr. The alloys used are shown in Fig. 1. Four 
isothermal sections, namely those at 1400°, 1200°, 
1000°, and 800°C, were completed in this region and 
are presented in Figs. 3 and 4, using weight percent 
values. These four sections were determined mainly 
from metallographic examination, while X-ray in- 
vestigations were undertaken only to confirm the 
phases present. All the alloys used were made from 
iodide titanium. 


; mw, 
vw, very weak; and vvw, very, very weak. 


Table II. X-Ray Diffraction Data of Epsilon and Eta Phases 


Observed 
Intensity* hkl d,A(Obs.) 4d, A (Cale.) 
Epsilon Phase 
w 331 2.583 2.592 
420 _ 2.527 
m 422 2.301 2.307 
s 511;333 2.169 2.175 
m 440 1.991 1.998 
vw 531 1.904 1.910 
mw 600 ;442 1.878 1.883 
620 1.787 
vw 533 1.720 1.723 
w 1.702 1.704 
vw 444 1.629 1.631 
w 711;551 1.578 1.582 
1.567 
vw 1.510 1.510 
vw 731;553 1.473 1.471 
vw 7 1.380 1.381 
m ; 1.331 1.332 
w 751;555 1.304 1.305 
vw 1.204 1.290 
w 1.234 1.233 
mw 933 ;771;755 1.1336 1.1357 
w 10,22 ;666 1.0855 1.0873 
w 12,00 ;884 0.9414 0.9417 
vw 11,50;11,51;11,43 0.9318 0.9320 
951;777 
vw 12,22;10,64 0.9158 0.9166 
mw 13,11;11,71;11,55;993 0.8637 0.8641 
vw 10,66 0.8614 0.8616 
w 13,31;11,73;977 0.8441 0.8446 
vw 12,60; 10,84 0.8418 0.8423 
vw 12,62 0.8331 0.8330 
vw 13,51;1175 0.8085 0.8092 
w 14,20;10,10,0;10,86 0.7987 0.7990 
vw 14,22;10,10,2 0.7987 0.7912 


vvw 222 3.559 3.575 
vw 400 3.297 3.286 
331 2.985 

vvw 004 2.801 2.800 
242 - 2.600 

vw 151 2.520 2.510 
vvw 383 2.366 2.385 
vw 440 2.327 2.325 
351 = 2.210 

mw 600 2.190 2.191 
8 404 2.131 2.132 
153 _ 2.120 

mw 260 2.079 2.078 
vvw 244 2.030 2.028 
w 262 1.938 1.948 
353 — 1.928 

w 006 1.859 1.867 
w 460 1.823 1.823 
335 _ 1.815 

vw 462 1.727 1.733 
w 266 1.386 1.388 


di weak; w, weak; 


*s indicates strong; m, di 
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Fig. 5—Alloy 5, 1 wt pet O», 2 wt pet Cr. 
X150. 


s 


Fig. 8—Same as Fig. 4 
7 except the alloy 
was quenched from —._ 

800°C. The presence ~\ 


of precipitated + 
phase (dark) is 
noted. X500. ok 


Fig. 5 is an example of the acicular a structure for 
an alloy of 1 pct O, and 2 pct Cr. This alloy was 
quenched from the £ field at 1400°C (Fig. 3). Fig. 
6, obtained from the same alloy but quenched from 
the a + £ field at 1200°C (Fig. 3), now shows the 
acicular a structure as well as the primary a phase. 
This transformation of § phase to the acicular a dur- 
ing quenching was found to occur in alloys close to 
the titanium corner (in the 1400°C section, alloys 5, 
12 to 16, and 21; in the 1200°C section, alloys 3 to 6 
and 12 to 16; in the 1000°C section, alloys 3 to 5; in 
the 800°C section, none). A similar behavior was 
found for high titanium alloys in the binary Ti-Cr 
and binary Ti-O systems. This acicular a phase was 
designated as a’, and is believed to be transformed 
from the 8 phase by a mechanism similar to the 
martensitic type transformation.” ““ 

Fig. 7 is the microstructure of alloy 18 (2.0 
O,-12.0 Cr) quenched from 1200°C. It is a typical 
example of the structure of the alloys in the a + pf 
field showing a retained § phase. Fig. 8 shows the 
a + B + y phases, and was obtained from alloy 18 
treated at 800°C in the three-phase field. The exist- 
ence of the y phase was also confirmed by X-ray 
results. 

Fig. 9 shows the a + y phases and was obtained 
from alloy 25 (4.0 O,-8.0 Cr) quenched from 800°C. 
The white areas are primary a while the dark 
regions are mixtures of a + y resulting from the 
decomposition of the original 8 grains. These f 
grains existed originally at the homogenization tem- 
perature of 1300°C. X-ray diffraction patterns veri- 
fied that only a and y phases were present in these 
alloys. 

As can be seen from Figs. 3 and 4, the £ field de- 
creases as the temperature decreases. The precipi- 
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Fig. 6—Same alloy as Fig. 5. Quenched 
Quenched from 1400°C. Acicular a. X500. from 1200°C. @ (white) plus acicular a. 


Beds a ane. ne 
Fig. 7—Alloy 18, 2 wt pct Ov, 14 wt pet 
Cr. Quenched from 1200°C. a particles 
in 8 matrix. X150. 


Fig. 9—Alloy 24, 4 wt 
pet Ov, 8 wt pet Cr. 
Quenched from 
800°C. Phases pres- 
ent are a_ (white 
areas) and a mixture 
of a and » phases 
(dark). X500. 


tation of the a phase from the § was not sluggish. 
In fact, in some alloys quenched from 1400°C at 
relatively slow quenching rates, some a precipitated 
from the 8 during quenching. This was especially 
so when there was some primary a present. 

Alloys 27, 28, 29, 31, and 32, close to the Ti-O 
side, were extremely brittle. They often cracked 
extensively during mounting in bakelite for micro- 
scopic examination, suggesting that alloys near the 
Ti-Cr side might be embrittled if this a phase pre- 
cipitated at the grain boundaries. 

Extended Region of the Ti-Cr-O System: To ex- 
tend the above results and fix the various phase 
boundaries, the study was extended, in a more lim- 
ited way, to alloys containing up to 50 atomic pct O, 
(25 wt pet) and 60 atomic pct Cr (62 wt pct). Fig. 
10 shows the 1200°C isothermal section, which in- 
cludes the phase boundaries determined in Fig. 3. 
Atomic percents are used in this figure and in micro- 


Fig. 10—1200°C isothermal! section of the extended region of the 
Ti-Cr-O system. 
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Fig. 12—Alloy 34, 5.9 atomic pct O., 31.9 Fig. 13—Alloy 48, 11 atomic pct O2, 32 
atomic pet Cr. Quenched from 1200°C. atomic pct Cr. Quenched from 1200°C. 
Phases present are a, 8, and y. The Phases present are a and y (white areas). 
smooth darker gray phase is a, the phase X750. 

with scratches is 6, and the white phase 

is y. Note that § grains are clearly de- 

lineated by a dark-etching grain boundary. 


Fig. 11—Alloy 33, 5.9 atomic pct O., 22.5 
atomic pct Cr. Quenched from 1200°C. 
a in a 6 matrix. X150. 


X500. 


graphs representing alloys from the extended region 
since this method expands the oxygen axis. Dashed 
lines are utilized in the extended ternary regions 
since the accuracy in drawing the positions of the 
phase boundaries is not exact. 

Ternary Phase—Epsilon: The results of X-ray 
analysis revealed the existence of a ternary phase, 
Ti,Cr,O, and was named the « phase. The structure 
is of the same type as a group of titanium com- 
pounds reported by Karlsson” and Rostoker,” being 
of the type Ti,X,O, or Ti,X,O, X being one of the 
transition elements Cu, Ni, Co, Fe, and Mn. The 
structure of this group of compounds is of the type 
Fe,W,C found in high speed steel. Ti,Cr,O has a 
face-centered cubic lattice with 112 atoms per unit 
cell, based on a measured density of 5.82 grams per 
ee (alloy 37, 14.3 O,-42.9 Cr). Table II lists the dif- 
fraction data for this compound, whose lattice con- 
stant a, was calculated to be 11.30A. 

Alloys containing the « phase at lower tempera- 
tures were free of it after a 1400°C treatment. In 
addition, since the as-cast alloy did not show the « 
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« 511,333 
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Fig. 14a (left)—X-ray spectro- 
meter pattern of alloy 37 (143 
atomic pct O», 42.9 atomic pct Cr) 
quenched from 1200°C. a + «. 


Fig. 14b (right) —X-ray spectro- 
meter pattern of alloy 54 (16 
atomic pct Ov, 32.5 atomic pct Cr) 
quenched from 1200°C. a + n. 


phase, it appears that « phase is stable only up to 
about 1300°C. 

Ternary Phase—Eta: Another ternary phase was 
found and was named the 7 phase. Table II lists the 
lines from the X-ray pattern of this phase. These 
lines could not be fitted to a cubic or hexagonal 
lattice; however, it was possible to index them on a 
Hull-Davey chart for the tetragonal system. The 
lattice parameter thus calculated was: a, = 13.14A, 
Cy 11.20A, c/a 0.852. The observed and calcu- 
lated d values are also listed in Table II and they 
are in fairly good agreement. No further studies of 
the intensities of the X-ray lines and the possible 
atomic arrangements were made. From the phase 
diagram the stoichiometric composition of the 7 
phase should be in the vicinity of Ti,Cr,O. Calcu- 
lations were made for a number of possible ternary 
compounds in this vicinity. Their densities were 
obtained by extrapolating the values of density 
measurements of alloys 44, 45, 49, 50, and 51. The 
most probable composition calculated for this com- 
pound was Ti,Cr,O. The calculation gave a unit cell 


4 


» 262, 353 


20: — | 


TRANSACTIONS AIME 


re) 
80 
10 — 
° 
. 
= . Ce 
36 40 44 48 52 36 40 44 48 52 
_| | 


<& - 

Fig. 15—Alloy 37, 14.3 atomic pct O., 42.9 


atomic pct Cr. Quenched from 1200°C. 
@ particles in « matrix. X500. 


atomic pet Cr. 


of 144 atoms and a calculated density of 5.71 grams 
per cc, whereas the density extrapolated for this 
composition was 5.74 grams per cc. Although this 
tentatively identified structure appeared correct, 
further work needs to be done for the complete de- 
termination of this structure. While the » phase, 
like the « phase, was not formed directly from the 
liquid, it was found to be stable at 1400°C. 

1200°C Isothermal Section of Extended Region: 
The isothermal section at 1200°C is shown in Fig. 
10. Fig. 11 shows the microstructure of alloy 33 
(5.9 O,-22.5 Cr) in the two-phase field a + 8. Next 
to this two-phase field there exists a large three- 
phase field, a + B + y. Fig. 12 is an example of 
alloy 34 (5.9 O.,-31.9 Cr) in this three-phase field. 
This particular specimen was polished only through 
the No. 1 wheel (canvas cloth and 600 mesh alundum 
powder) to leave scratches on the surfaces of the 8 
phase in order to differentiate it from a. Fig. 13 
shows the microstructure of alloy 48 (11.0 O,-32.0 
Cr) in the long and narrow a + y field. 

Recently, the existence of a high temperature y 
phase above 1300°C in the binary Ti-Cr system was 
reported.” ' The transformation rate from one phase 
to the other was found to be sluggish and alloys 
annealed at temperatures below 1300°C still showed 
the existence of the high temperature y phase in the 
X-ray pattern. This was also observed in the ter- 
nary system. Alloys containing the y phase in this 
region often showed the high temperature phase to- 
gether with the low temperature phase; however, 
the former gradually decreased in amount with in- 
creasing time of annealing. 

It is interesting that though the « and » phases are 
the only two ternary phases found in the region of 
study, they are very close together. Fig. 14a is 
the X-ray spectrometer pattern of alloy 37 (14.3 
O,-42.9 Cr). It shows weak a iines and the alloy 
was actually in the a + « two-phase field. Fig. 15 
shows its microstructure, which consists of small 
particles of a in a matrix of the « phase. The a looks 
bluish gray while the « phase always etches rough. 
The a particles can be identified also with polarized 
light. Although alloy 37 had the stoichiometric com- 
position of Ti,Cr,O, it did not show a single phase. 
This could be attributed either to a lack of equi- 
librium or to a defect lattice structure. 

Fig. 14b is the X-ray spectrcmeter pattern of 
alloy 54 (16.0 O,-32.5 Cr) in the two-phase region 
of a + ». The microstructure of alloy 54 is shown 
in Fig. 16. The a phase again shows a dark bluish- 
gray color, but the » phase, unlike the « phase, 
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Fig. 16—Alloy 54, 16 atomic pct O., 32.5 
Quenched from 1200°C. 
a particles in matrix of » phase. X500. 


Fig. 17—Alloy 49, 10 atomic pct O., 40 
atomic pet Cr. Quenched from 1200°C. 
Three phases present, identified by X-ray 
as being a + y + 9. X500. 


etches clean. Fig. 17 shows the microstructure of 
alloy 49 (10.0 O,-40.0 Cr) which is in the three- 
phase field a + y +7. 

The microstructure of alloy 39 (29.5 O,-20.0 Cr) 
in the three-phase field a + TiO + « is shown in 
Fig. 18. The banded structure looks very much like 
twins but is actually composed of two phases, a and 
TiO. This same type of structure was also observed 
in the binary Ti-O system.” It did not spherodize 
on long time annealing but only coarsened. This 
type of structure was first found by Smith” in the 
Cu-Si system where the two phases involved are 
also of face-centered cubic and hexagonal close- 
packed structures. The existence of this banded 
structure in these two binary systems was explained 
by Smith” and Bumps et al." as being due to the 
good match of the octahedral plane of the face-cen- 
tered cubic phase with the basal plane of the hex- 
agonal close-packed phase. The low interfacial en- 
ergy between these two phases undoubtedly con- 
tributes to the unusual stability of this banded 
structure. 

The three-phase fields, « + y + B, and TiO + « + 
8, were roughly outlined by means of X-ray data 
from the alloys available. Dotted Jines were drawn 
for these phase fields, and further work was not 
attempted since the study of this region was beyond 
the planned scope. 

As mentioned before in the section on alloy prev- 
aration, two distinct layers were found in the ingots 


of alloys 55 (20.0 O, — 46.0 Cr), 56 (20.0 O, — 60.0 
Cr), and 60 (30.0 O, -— 30.0 Cr) and could not be 
eliminated by remelting or heat treatment. The 


upper layer was golden in color and was identified 


Fig. 18—Alloy 39, 30 atomic pct O», 20 
Quenched from 1200°C. 
e and banded structure of a + TiO. X500. 
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Fig. 20—Vertical section at 2 wt pct O», in the Ti-Cr-O system. 


by X-ray investigation to be the TiO phase. The 
lower layer contained the 8 phase. This leads to the 
belief that there must be liquid immiscibility in the 
region containing these alloys. If this is true, then 
some method other than the are melting method 
will be needed to avoid layering. 

Vertical Sections of 1 and 2 Wt Pct O,: With the 
data from the aVailable alloys and the phase boun- 
daries extrapolated from the isothermal sections, 
two vertical sections were drawn and are shown in 
Figs. 19 and 20. 

From these two diagrams it is evident that a small 
amount of oxygen has a great influence upon binary 
Ti-Cr alloys. The 8, and a + £, phase boundary 
rises rapidly with the addition of oxygen. The 
solidus rises only gradually as the oxygen content 
increases. Both of these two vertical sections show 
a large area of the three-phase field a + B + 7. 


Summary 

The titanium-rich corner of the Ti-Cr-O system 
has been studied in detail within the limits of 10 
wt pet O, and 20 wt pct Cr. Four isothermal sections 
at 1400°, 1200°, 1000°, and 800°C were completed. 

The a phase at the Ti-O side was found to be ex- 
tremely brittle. The 8 phase near the titanium cor- 
ner was not retained by quenching and instead an 
acicular @ structure was formed. The £8 phase field 
decreases rapidly with decreasing temperature. 

The region extending to about 25 wt pct O, (50 
atomic pet) and 62 wt pet Cr (60 atomic pct) has 
also been studied. An isothermal section at 1200°C 
is presented. 

Two ternary phases were found. The first one, 
designated « phase, corresponds to Ti,Cr,O and had 
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a face-centered cubic structure of the Fe,W,C type. 
The lattice constant was found to be a, = 11.30A, 
and the unit cell contains 112 atoms. The second 
ternary phase, designated » phase, had a more com- 
plicated structure. It was tentatively identified as 
tetragonal. The lattice constants measured were a, 
== 13.14A, c, = 11.20A, and c/a = 0.852. The suggest- 
ed formula was Ti,Cr,O and on the basis of density 
measurements it contains 144 atoms per unit cell. 
Neither of the ternary phases formed directly from 
the liquid phase. The « phase was stable only below a 
temperature which is between 1300° and 1400°C, 
while the » phase existed up to about 1400°C. 

Two vertical sections of 1 and 2 wt pct O, were 
constructed. They showed that a small amount of 
oxygen has a great influence upon the binary Ti-Cr 
alloys. 
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Uranium-Titanium Alloy System 


by Murray C. Udy and Francis W. Boulger 


N incomplete phase diagram for the U-Ti sys- 

tem was determined earlier,’ and more recently, 
a tentative diagram was presented for the uranium- 
rich end of the system.’ In the present re-examin- 
ation of the whole system of U-Ti alloys, high 
purity materials were used. 

Melting stock for the alloys was high purity 
uranium, containing about 0.09 pct C as the only 
appreciable impurity, and high purity iodide-process 
titanium purchased from New Jersey Zinc Co. Both 
metals were cold rolled to about 1/6 in. thickness, 
sheared to about % in. squares, and cleaned by pick- 
ling. The alloys were arc melted under a helium 
atmosphere in a water-cooled copper crucible. A 
thoriated-tungsten electrode was used. The furnace 
chamber was evacuated, then flushed with helium, 
prior to each melting. It was finally filled with stag- 
nant helium at one atmosphere pressure. 

Each alloy was remelted three times after the 
original melting, to insure homogeneity. The alloy 
button was turned bottom side up before each re- 
melting operation. Some 22 alloys were examined. 
Their compositions were spaced at appropriate in- 
tervals between 100 pct Ti and 100 pct U. Analyses 
were made on chips taken after fabrication. The 
major contaminant was carbon, which varied from 
0.03 to 0.08 pct. It appeared in the microstructure 
as titanium carbide. Alloy compositions were calcu- 
lated to a carbon-free basis for consideration on the 
diagram. 

Tungsten and copper, possible contaminants from 
the melting operation, were generally less than 100 
parts per million each. 


Fabrication 

All alloys were forged and rolled to bars approxi- 
mately % in. square. They were clad either in SAE 
1020 steel or in a 5 pet Cr-3 pet Al-Ti-base alloy, 
depending on the fabrication temperature. A tem- 
perature of 1800°F (980°C) was used for alloys 
near the compound composition. This necessitated 
using the titanium-base alloy, since iron reacts with 
titanium at this temperature, producing a low melt- 
ing alloy. Other alloys were fabricated at 1450°F 
(790°C), using steel jackets. No iron-titanium re- 
action occurred at this temperature. The jackets 
were welded in place in an argon atmosphere. Those 
alloys sheathed in steel were declad and then reclad 
between rolling and forging operations. On the 
other hand, those clad with the titanium alloy were 
cut to a roughly rectangular shape prior to clading 
and were then carried through both the forging and 
rolling operations without opening. Those alloys 
near the compound composition were found to be 
cracked when the clading was removed. The 
cracked materials had been plastically deformed, 
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however, and at least some of the cracking had oc- 
curred during cooling. 


Heat Treatment 

The rolled bars, after being declad and shaped to 
remove surface contamination, were all given an 
homogenizing treatment of 160 hr at 2000°F. (Sam- 
ples were taken for analysis following the declading 
and shaping operations.) All were heat treated at 
the same time in one furnace, but each was sealed 
in a purified argon atmosphere in an individual 
Vycor glass tube. Argon pressure was such that it 
was approximately atmospheric at temperature. 
One end of each tube contained titanium chips and 
this end was heated to 1200°F (650°C) for 10 min 
prior to the heat treatment. This purged the atmos- 
phere of residual reactive gases. The balance of 
the tube was warmed during the purge to liberate 
adsorbed moisture and gases, which also reacted 
with the hot chips. The bars were furnace cooled 
from the homogenization treatment. 

Specimens of each alloy were water quenched 
after 2 hr heating at 1000°, 1200°, 1400°, 1600°, 
1800°, and 2000°F (540°, 650°, 760°, 870°, 980°, 
and 1095°C). In addition, some were treated at in- 
termediate temperatures of 1300°, 1500°, and 1700°F 
(705°, 815°, and 925°C) and at 2150°F (1175°C). 
Specimens, about % in. cubes, were cut from the 
bars, sealed in individual Vycor tubes, and heat 
treated as described. All specimens heat treated at 
the same temperature were processed together. 
Samples were quenched by breaking the Vycor tube 
rapidly under water. 


Metallographic Examination 

Specimens were mounted in bakelite and ground 
wet on 180 grit paper held on a 1750 rpm disk. They 
were then ground wet by hand, using 240, 400, and 
600 grit papers. The rough grinding was continued 
long enough to get well below the surface. Speci- 
mens were mounted separately because of the vari- 
ation in the rate of etching between alloys. The 
specimens were polished with rouge on a 4 in., 
1725 rpm wheel covered with Miracloth. 

Alloys on the titanium side of the compound com- 
position were etched with a solution of 2 pct hydro- 
fluoric acid in water saturated with oxalic acid. A 
few crystals of ferric nitrate were added as a bright- 
ener. Specimens were immersed 5 sec, polished to 
remove the etch, then re-etched. With the higher tita- 
nium alloys, it was often necessary to start the etch 
on the polishing wheel, because of the formation of 
a passive film. In some instances, a plain 2 pct hy- 
drofluoric etch was satisfactory. 

For the alloys on the uranium side of the com- 
pound, a distinction between the compound and the 
uranium phase developed after standing a short 
time in air. This could be hastened by the appli- 
cation of heat, such as obtained by placing the speci- 
men on a radiator. A deep etch was necessary to 
develop details in the uranium-rich phase, such as 
the Widmanstaetten pattern sometimes obtained by 
quenching y uranium. A 2 pct hydrofluoric acid 
solution was used for this deep etching. 
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Fig. 1—100 pct Ti, homogenized 160 hr 
at 2000°F (1095°C) and slow cooled. 
Large grained « titanium. X500. 


“Fig. 4—51.4 wt pet, 84 atomic pct Ti, 
quenched after 2 hr at 2000°F (1095°C). 
ff titanium deep etched to show grain 


boundaries. X500. 


Fig. 2—70 wt pct, 92.05 atomic pct Ti, 
quenched after 2 hr at 1600°F (870°C). 
Widmanstaetten a titanium which had 
been § titanium at temperature. X500. 


Fig. 5—31.5 wt pct, 69.4 atomic pct Ti, 
quenched after 2 hr at 1400°F (760°C). 
8 titanium with residual compound in 
grain boundaries and some in the rem- 
nants of the eutectoid. This is close to 


Fig. 3—51.4 wt pct, 84 atomic pct Ti, 
homogenized 160 hr at 2000°F (1095°C) 
and slow cooled. Primary « titanium plus 
a-titanium-compound eutectoid. X500. 


Fig. 6—21.3 wt pct, 57.4 atomic pct Ti, 
homogenized 160 hr at 2000°F (1095°C) 
and slow cooled. Compound plus com- 
pound-a-titanium eutectoid. X500. 


the eutectoid composition. X100. 


Specimens were examined at 100, 500, and some- 
times 2000, magnifications. In most instances, pic- 
tures were taken for record purposes. Figs. 1 through 
9 show typical structures. 

X-Ray Examination 

To aid in the interpretation of microstructure, 
X-ray diffraction methods were used to identify 
phases. The best diffraction data were obtained 
with an X-ray spectrometer, using filtered copper 
radiation. The majority of the X-ray data were 
obtained from the polished and etched samples used 
for metallographic study. Because many of the sam- 
ples were very coarse grained, it was necessary to 
mount the specimen on a goniometer and oscillate 
the angle of incidence of the X-ray beam upon the 
sample in order to obtain all the reflections possible 
from the various phases. 

The following phases were identified: 

l—a titanium—low temperature hexagonal 
phase. 
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2—f titanium—high temperature body- 
centered phase. 

3—Compound based on U,Ti—hexagonal phase, 
a, = 4.817A, c, = 2.844A. 

4—a uranium—low temperature phase. 


Table |. Liquidus Temperatures of U-Ti Alloys 


Liquidus, °C 


Uraniam, Pet 
t (Corrected) 


Specimen Atemic 


Uranium 
11 


1685 + 25 
1725 + 25 
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‘ 
4 100 100 1132 + 10 
1210 + 20 
“3 22 1230 + 20 
| 21 1350 + 20 
4 1370 + 20 
1435 + 20 
1465 + 20 
6 1535 + 20 
20 1555 + 20 
23 1615 + 20 
19 1625 + 20 
18 1645 + 20 q 
16 
lodide Ti 
; 


Fs 


Fig. 7—10.8 wt pct, 37.6 atomic pct Ti, 
quenched after 2 hr at 1200°F (650°C). 
Essentially all compound. X100. 


5—y uranium—high temperature phase. 
In no case was § uranium identified. 


Determination of Liquidus Temperatures 

Liquidus temperatures, for 12 of the alloys, were 
determined optically by observing the tempera- 
ture at which the center of a %x%x% in. specimen 
melted. An attempt was also made to determine the 
solidus, but in most cases accuracy was impossible. 
The specimens were supported on the edge of a strip 
of thin tantalum sheet bent to triangular shape. The 
determinations were conducted in an induction- 
heated, argon-atmosphere furnace. The readings 
were corrected by observing the melting tempera- 
tures of substances of known melting point. Results 
are given in Table I. 


Uranium-Titanium Diagram 

Fig. 10 is the phase diagram of the U-Ti system, 
based principally on the present work. The points 
indicate the phases believed to exist at temperatures 
based on the metallographic and X-ray examina- 
tions. 

Since no specimens were examined in the region 
where a and 8 uranium should be stable, the results 
of Buzzard, Liss, and Fickle’ were used for the com- 
position of the eutectoid between #8 uranium and 
the compound and for the composition of the peri- 
tectoid involving a uranium and the compound. No 
solid-solution phase, such as labeled “delta” by 
Buzzard et al.,” was identified metallographically 
or by X-ray. Instead, complete solid solubility be- 
tween £8 titanium and y uranium is indicated. At 
about 1635°F (890°C), the compound U,Ti decom- 
poses into 8 titanium plus y uranium solid solution. 
This temperature has been established by thermal 
as well as metallographic means. 

The higher melting points observed in the ura- 
nium-rich end of the system in the previous study’ 
and in the work by Buzzard et al.’ were not verified. 
It is believed that the high values observed earlier 
on samples melted in beryllia may have resulted 
from the same type of film that obscured the true 
melting point of uranium for so long. 

On the titanium side of the diagram, liquidus and 
solidus determinations of the previous work’ with 
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Fig. 8—7.5 wt pct, 28.7 atomic pct Ti, 
homogenized at 2000°F (1095°C) and 
slow cooled. Compound and a uranium. 
X500. 


Fig. 9—2.0 wt pct, 9.2 atomic pct Ti, 
quenched after 2 hr at 1400°F (760°C). 
Widmanstaetten « uranium and com- 
pound. X500. 


less pure material are in good agreement with pres- 
ent observations. They are shown in Fig. 10 as 
triangles. 

The temperatures of the eutectoids between a ura- 
nium and the compound, and between # uranium 
and the compound and the temperature of the peri- 
tectoid involving a uranium and the compound are 
those determined in the earlier work by dilatometric 
and thermal means.’ The structure of the compound 
confirms that determined by X-ray in the earlier 
work by W. J. Tucker, of Knolls Atomic Power 
Laboratory.’ 

The complete solid solubility between y uranium 
and £ titanium is not unique. A similar condition 
exists in the Ti-Cr, Ti-Mo, and Ti-Cb systems. In 
the case of uranium, 50 wt pct or 18 atomic pct is 
needed to stabilize § titanium on quenching. Other- 
wise, a Widmanstaetten a titanium structure is ob- 
tained. On the uranium side, 3 wt pct Ti, or 14 
atomic pct is needed to stabilize y uranium on 
quenching. Otherwise, a Widmanstaetten a uranium 
structure is obtained. 

The intermediate 8 uranium phase was not ob- 
served in any of the structures. This seems to indi- 
cate that titanium does not stabilize this structure. 
However, no concentrated effort was made to study 
this region of the diagram. One specimen quenched 
from the supposed £ titanium plus compound field 
showed a Widmanstaetten a uranium structure, 


Weight Per Cent Titawum 


400 
1700 
600 
00 
1400 
© 
2 
1100 
00 
800 
700 
600 


Atomic Per Cent 


Fig. 10—Uranium-titanium constitution diagram. 
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Technical Note 


HE data recently published’” on heat treatment 

of titanium alloys have not been readily sys- 
tematized into an overall picture. When the £6 
titanium phase transforms isothermally at low tem- 
peratures, the hardness follows a typical age-hard- 
ening pattern, going through a peak as schematized 
by the “hardness” vs “‘time of isothermal transform- 
ation” coordinates of Fig. 1. As the temperature is 
raised, the peak will decrease in height and occur 
at shorter times; slowing must however take place as 
the @ transus is approached. 

The brittle microconstituent in the region of peak 
hardness has been termed f’. Its structure is still 
undetermined but it is clearly a transition stage 
from soft 8 to the 8 + a that is found at the right of 
the peak. 

On continuous cooling, high cooling rates corres- 
pond to short times on Fig. 1; abscissa labeling has 
been added accordingly. Extremely rapid cooling 
will retain soft 8; very slow cooling will precipitate 
soft a; intermediate rates give hard f’. Increasing 
distance from the water-quenched end of a Jominy 
hardenability bar corresponds to slower cooling 
(right on Fig. 1), but the range of cooling rates 
covered by a Jominy bar is only a small portion of 
that shown in the figure. 

The £-stabilizing alloying elements retard the 
transformation process, moving the material to the 
left on Fig. 1. A lean alloy is harder water-quenched 
(f’) than air-cooled (8 +a); a rich alloy is harder 
air-cooled (f’) than water-quenched (8). Examples 
of the position of various compositions with respect 
to the curve, based on limited data in the literature, 
are given at the top of the figure. 

Oxygen and carbon accelerate the transformation 
process, moving the material to the right on Fig. 1. 

If an alloy quenched quickly enough to retain 
soft 8 is reheated below the 8 transus (tempered), 
it ages, going through a hardness maximum as time 
increases (moving right on Fig. 1). Material which 
after cooling from the 8 range lies on or right of the 
hardness peak, will move still further right on 
tempering, and so soften. 

Since the rate of the tempering (aging) reaction 
increases with temperature, the figure also may be 
used to represent the variation in properties with 
tempering temperature, at short tempering times. 

The simple picture given here neglects martensite 
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Heat Treatment of Titanium Generalized in Terms of Beta Prime 


by Leonard D. Jaffe 


and Air, cooled (o) 
° A 
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' ° 
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Time of isothermal Transformation 
*— Cooling Rote from Geta Ronge 
Jominy Distonce 
-— Alloy Content 
Oxygen and Carbon Content -_ 
Tempering Time 
Tempering Temperature (short time) ——~ 
Fig. 1—Effect of variables upon properties of alloys first held in 
8 range, schematic. 


transformation, as well as differences between de- 
composition products of 8 formed by direct isother- 
mal transformation and those formed by quenching 
and tempering. It may nevertheless be of use as a 
guide for practical heat treatment and for further 
research. 
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Aging Characteristics of Nickel-Chromium Alloys 


Hardened with Titanium and Aluminum 


by Rolf Nordheim and Nicholas J. Grant 


An extensive study was made of the aging characteristics of 
alloys based on the 80 pct Ni-20 pct Cr composition hardened with 


aluminum and/or titanium, each up to 4 pct. Aging was followed 
by means of hardness and hot electrical resistance measurements 
as well as by X-ray and microscopy. Stress rupture tests at 1500°F 


HE titanium and aluminum hardened Ni-Cr al- 
loys, exemplified by Nimonic 80 and Inconel X, 
constitute one of the more important groups of 
alloys developed to meet the demand for materials 
retaining their strength at elevated temperatures. 
For service in the temperature range 1200° to 1500°F, 
these alloys offer high creep resistance. With in- 
creasing service temperature, however, the strength 
of the simpler Ni-Cr base alloys falls off rapidly so 
that above 1500°F there is a significant loss of 
strength. 

The present investigation was undertaken with 
the hope that a better understanding of the factors 
controlling the precipitation hardening of these al- 
loys would make it possible to increase the useful 
service temperature range. Primarily this investi- 
gation involved the study of the effects of titanium 
and aluminum on the hardening and the subsequent 
softening at elevated temperatures. The titanium and 
aluminum contents were each varied between 0 and 
4 pet by weight at a constant nickel to chromium 
weight ratio of about 4:1. (Except when otherwise 
stated, all compositions are expressed on a weight 
basis.) The major part of the investigation was con- 
fined to alloys with less than 0.06 pct C. 

Recently several papers dealing with the identity 
of the microconstituents in the titanium and alu- 
minum hardened Ni-Cr alloys have been published. 
Using X-ray analysis of the residues from anodic 
dissolution, Rosenbaum’ was only able to identify 
carbides and nitrides in Nimonic 80 and Inconel X. 
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were utilized as a check on the predicted behavior. 


However, since Rosenbaum worked with alloys in 
the hot rolled rather than in the aged condition, his 
results are inconclusive. Recently Hignett’ reported 
that the hardening of Nimonic 80 was due to the 
controlled precipitation of Ni,(TiAl) having the 
cubic Ni,Al structure. Taylor and Floyd** published 
the results of an investigation of the nickel-rich 
corner of the Ni-Cr-Ti, Ni-Cr-Al, and Ni-Ti-Al sys- 
tems. In the Ni-Ti and the Ni-Al systems the hex- 
agonal Ni,Ti phase, », and the cubic Ni,Al phase, y’, 
respectively, exist in equilibrium with the nickel- 
rich solid solution. The interatomic distances in the 
basal plane of Ni,Ti and the octahedral planes of the 
matrix are almost equal, thus explaining the Wid- 
manstaetten type structure formed when Ni,Ti pre- 
cipitates from solid solution. When Ni,Al precipitates 
from solid solution, it appears usually in globular 
form, often dispersed along rows corresponding to 
definite crystallographic directions. The 7» and 7’ 
phases are also the only intermetallic compounds 
which occur in the nickel ternary alloys with up to 
25 pet Cr and 10 pet Ti or Al. Taylor and Floyd 
found that Ni,Ti takes practically no nickel, chro- 
mium, or aluminum into solution. Ni,Al, on the other 
hand, dissolves a considerable amount of chromium 
and titanium and some nickel. Up to three out of 
every five aluminum atoms could be replaced by 
titanium in Ni,Al. This substitution caused a slight 
increase (less than 1 pct) in the lattice parameter. 

With respect to the effect of variation in the tita- 
nium and aluminum contents on the high tempera- 
ture strength of Nimonic 80 type alloys, Pfeil, Allen, 
and Conway’ reported that an 80 pct Ni-20 pct Cr 
alloy containing 0.20 to 0.30 pct Al had the highest 
creep resistance when the titanium content was kept 
between 1.65 and 2.75 pct. 


Experimental Procedure 
The materials used for this investigation were 
electrolytic nickel, electrolytic or low carbon chro- 
mium, sponge titanium and 2S aluminum. The alloys 
were melted in an indirect carbon are furnace under 
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Fig. 1—Alloy 684. 3.2 pct Al, aged 430 hr 
at 1650°F. Etchant A. X500. 


a slightly oxidizing atmosphere, the weight of the 
heats being approximately 2 Ib. 

The results of chemical analysis for titanium, alu- 
minum, and carbon are given in Table I. It was 
found that the chromium recovery was 98 to 99 pct. 
One alloy was analyzed for iron, manganese, and 
silicon with the following results: 0.67 pct Fe, 0.04 
pet Mn, and 0.31 pet Si. 

All the heats used for the study of the precipita- 
tion processes were poured into silica precision cast- 
ing investment molds giving bars of % and % in. 
diameter. These bars were homogenized for 45 hr 
at 2170°F, which resulted in an average grain size 
of about 1/16 in. The subsequent heat treatments 
included a 4 hr solution treatment at 2000°F, fol- 
lowed by water quenching and then aging at tem- 
peratures ranging from 1250° to 1800°F. The atmos- 
phere was purified helium for all the heat treat- 
ments at and above 1650°F and at 1450° and 1550°F 
for periods of time longer than 20 hr. 

The precipitation processes were followed by 
metallographic techniques, Rockwell hardness meas- 
urements, and electrical resistance measurements at 
temperature. Disks 3/16 in. thick were cut from the 
% in. diameter bars and used for both the hardness 
readings and the metallographic examinations. These 
samples were water quenched from the aging tem- 
perature. The reported hardness values represent 


Table |. Titanium, Aluminum, and Carbon Contents 
of the Experimental Alloys 
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212—JOURNAL OF METALS, FEBRUARY 1954 


the average of three or four readings and in prac- 
tically no case differed by more than three units. 

For metallographic examination the samples were 
mechanically polished and etched anodically (3 to 4 
volts) in one of the following reagents: etchant A— 
aqueous solution of 10 pet glycerine and 5 pct hydro- 
fluoric acid for 5 to 10 sec, etchant B—aqueous solu- 
tion of 10 pct oxalic acid for 5 sec, etchant C— 
aqueous solution of 5 pct sodium hydroxide for 15 
to 30 sec. 

Etchant A was generally used to reveal the struc- 
ture of the aged samples. The effect of this etchant 
was to dissolve the matrix around the precipitated 
particles. No staining was observed when the etch- 
ing period was limited to 10 sec. Since etchant A did 
not successfully develop the grain boundaries of 
alloys quenched from above the saturation tempera- 
ture, etchant B was used to reveal the structure 
after solution treatment. Etchant C was occasionally 
used for Ni-Cr-Ti alloys. Etching with this reagent 
stained the matrix, but left the precipitated particles 
unattacked. 

The 3/16 in. diameter bars were used for the elec- 
trical resistance measurements. Nickel wire, spot- 
welded to the specimen, served as current and poten- 
tial leads. With a Kelvin double bridge, changes 
corresponding to 0.1 pct of the gage resistance could 
be detected. The temperature was measured with a 
chromel-alumel thermocouple attached to the speci- 
men. The heat treatments were done in furnaces 
having a temperature fluctuation not exceeding 
+2°F. The temperature variation along the speci- 
men was less than 2°F. After the specimen had been 
placed in the furnace, the aging period was timed 
from the moment the thermocouple reached the 
temperature chosen for the heat treatment. This 
usually occurred within 3 or 4 min. 

For each alloy the same specimen was used for 
all the aging treatments. After each run the speci- 
mens were given a 4 hr solution treatment at 2000°F 
and water quenched. Since the room temperature 
resistance after such a 2000°F water quench re- 
mained constant within +0.3 pct during the course 
of the runs, it was concluded that an insignificant 
amount of chromium had been lost during the re- 
peated solution and aging treatments. 

Identification of the phases which precipitated 
during aging was done by X-ray analysis of solid 
samples. Disks used for this examination were cold 
worked after solution treatment, recrystallized at 
2000°F, and aged for 500 hr at 1450°F. These aged 
samples were mechanically polished and etched 
anodically with etchant A for 5 to 10 sec. This left 
the precipitated particles standing out in relief. 

On the basis of the precipitation studies some 
alloys were prepared for stress rupture tests. The 
heats for these tests were poured in 1 in, diameter 
graphite molds. A Ca-Si alloy of 0.2 pct was added 
to some of the heats to facilitate the forging opera- 
tion. For the same purpose all the ingots were homo- 
genized for 24 hr at 2170°F. The ingots were forged 
at 2200° to 2000°F to bars of % in. diameter. From 
these, % in. diameter, 1 in. gage length test bars 
were machined. The bars were solution treated at 
2000°F and aged at temperatures ranging from 1300° 
to 1500°F. They were tested at 1500°F. 


Results and Discussion 


Structural Characteristics of the Microconstituents: 
In alloys having additions of aluminum only, aging 
resulted in the precipitation of a finely dispersed 
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phase. Fig. 1 shows that this phase occurred to a 
great extent as globular particles, but there was also 
evidence of preferential growth of some of the pre- 
cipitate along certain lattice planes in the matrix. 
It was determined from observations of aged struc- 
tures that about two-thirds of the aluminum atoms 
could be replaced by titanium without any appre- 
ciable change in the microstructure, confirming the 
observations of Floyd and Taylor.* 

In Fig. 2 are shown, using atomic percentages, the 
compositions of the alloys used for the aging studies. 
For all the quaternary alloys represented by this 
chart, precipitation produced a microstructure sim- 
ilar to that of Fig. 1. (Alloy 855, having a titanium 
to aluminum atomic ratio of about 4:1, also con- 
tained a small amount of the acicular phase which 
precipitated in Ni-Cr-Ti alloys; see below.) The 
X-ray patterns of the alloys for which the micro- 
structure showed the precipitation of the finely dis- 
persed phase were all similar and revealed in addi- 
tion to the pattern of the matrix, the presence of a 
second constituent which was identified as Ni,Al. The 
Bravais lattice of this constituent is face-centered 
cubic,’ with the aluminum and nickel atoms occupy- 
ing the cube corners and faces, respectively. It was 
found that the lattice parameter of this second phase 
increased with the titanium to aluminum ratio of 
the alloys as shown in Table II. This indicates that 
in the alloys containing both aluminum and tita- 
nium, titanium, which has a larger atomic radius 
than aluminum, had replaced some of the aluminum 
atoms in Ni,Al. 

In alloys containing titanium only, aging resulted 
in the precipitation of a needle-like phase which 
formed a well-defined Widmanstaetten type struc- 
ture, Fig. 3. This phase was identified as being the 
hexagonal close-packed Ni,Ti compound. Comparison 
of Figs. 1 and 3 shows that for similar heat treat- 
ments the Ni,Ti particles grew to a larger size than 
the Ni,Al particles. 

These results agree well with those of Taylor and 
Floyd, particularly with respect to the existence of 
the intermetallic compounds Ni,Al and Ni,Ti and 
their respective homogeneity ranges. However, the 
solubilities for titanium and aluminum in an 80 pct 
Ni-20 pct Cr alloy, as observed in the present work, 
were lower than those reported by Taylor and Floyd. 
The higher solubilities found by these investigators 
may be due to the higher purity of their alloys. 
Included in Fig. 2 are the tentative saturation tem- 
peratures based on metallographic examinations. 

In the following presentation the two phases Ni,Al 
and Ni,Ti will be referred to as y' and », respec- 
tively, in conformity with the notation used by 
Taylor and Floyd. 

Precipitation of y': Figs. 4 to 6 show the micro- 
structural changes during aging of an alloy with 2.2 
pet Ti and 0.9 pet Al (alloy 661). The composition 
of this alloy is close to that of the early variation of 
Nimonic 80. (For comparison, for each micrograph 
the corresponding Rockwell B hardness is listed.) 

After aging for 1 and 20 hr at 1250°F, Fig. 5a 
and b, there was evidence of recrystallization along 
the grain boundaries, probably as a consequence of 
the plastic strains caused by the precipitation stresses, 
resulting in what appears to be grain boundary 
migration. This kind of recrystallization was ob- 
served quite frequently in the alloys containing tita- 
nium, but never in alloys without titanium addi- 
tions. This observation supports the other data that 
the stresses associated with the precipitation of 7’ 
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Fig. 2—Composition of low carbon alloys used for aging studies. 
Numbers appearing above the circles indicate the respective alloy 
numbers. The dotted lines are tentative saturation temperatures 
based on the microstructural appearances after aging. 


are increased by substitution of titanium for alu- 
minum in Ni,Al, as shown by the lattice parameter 
data presented in Table Il. The difference between 
the lattice parameter of the matrix and the y’ phase, 
and thus the misfit between the lattices of the two 
phases, increased with the substitution of titanium 
for aluminum. After aging 480 hr at 1250°F there 
was evidence of heavy, although submicroscopic, pre- 
cipitation along the grain boundaries and within the 
grains, Fig. 5c. The finely dispersed dark spots in 
the grains are due to the etch attack, around each 
precipitated particle. During aging at 1450°F for 540 
hr, growth to particles visible at X500 had occurred 
along the grain boundaries but growth of the par- 
ticles within the grains was limited, see Fig. 6d. 
Aging at 1650°F for increasing periods of time 
caused no significant changes in the microstructure, 
indicating that the saturation temperature had been 
exceeded almost immediately. 

Comparison of the microstructural changes during 
aging of alloys 684 (3.2 pct Al) and 688 (3.2 pct Ti, 
0.8 pct Al) showed that by replacing aluminum with 
titanium the rate of growth of the precipitate was 
decreased. 

Although the hardness and electrical resistance 
changes during aging were qualitatively similar 
irrespective of the titanium to aluminum ratio of 
the alloys, Figs. 7 and 8 show that the substitution 
of titanium for aluminum did modify the time- 
temperature relationships for the changes notice- 
ably: the hardness for a given time at temperature 
was higher and the initial increase in electrical re- 
sistance was more marked in the alloys containing 
both titanium and aluminum as compared to the 


Table !1. Lattice Parameter of the Phases in Alloys Containing 
Aluminum With or Without Titanium. Alloys Aged 500 Hr at 1450°F 


Lattice Parameter 


Alley No. Composition Matrix Second Phase 
684 3.2% Al 3.57 kX 3.575 kX 
690 2.3% Ti; 2.1% Al 3.57 kX 3.59 kX 
688 3.2% Ti; 0.8% Al 3.57 kX 3.60 kX 
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Fig. 3—Alloy 692. 3.7 pet Ti, aged 
430 hr ot 1650°F. Etchant C. X500. 


Fig. 4—Alloy 661. 2.2 pet Ti, 0.9 pct 
Al, solution treated at 2000°F. Et- 
chant B. 65R,. X500. 


nit 


a—Aged | hr at 1250°F. R,, 80. b—Aged 20 hr at 1250°F. R,, 90. c—Aged 480 hr at 1250°F. R,, 102. 
Fig. 5—Alloy 661. 2.2 pct Ti, 0.9 pct Al. Etchant A. X500. 


Fig. 6—Alloy 661. 2.2 pet Ti, 0.9 pct Al. Etchant A. X500. 


a (left)—Aged 18 min at 1450°F. R,, 87. 
b (center)—Aged 4 hr at 1450°F. R,, 88. 
c (upper right)—Aged 18 hr at 1450°F. R,, 87. 
d (lower right)—Aged 540 hr at 1450°F. R,, 88. 


titanium-free alloys. This latter effect was probably 
due primarily to the greater stresses associated with 
the precipitation of y' in the alloys having aluminum 
partly replaced by titanium. 

Close examination of Figs. 2 and 7 clearly shows 
the role of the two important factors (first, the com- 
bined atomic percentage of titanium and aluminum 
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Fig. 7—Change in the hardness of alloys 649, 661, 689, 855, 633, 
and 690 during aging at 1250° to 1650°F. X represents the 
hardness for solution treated structure. 


on the saturation temperature, and second, the sub- 
stitution of titanium for aluminum on the rate of 
overaging) on the hardness curves of the various 
alloys as a function of time at temperature. As the 
total aluminum plus titanium content increases, in 
the order of alloys 649, 661, 855, 689, 688, and 690, 
the hardness at each temperature is higher and over- 
aging (as measured by hardness) occurs progres- 
sively more slowly. The curves in Fig. 7 are based 
on many points at each temperature; the points were 
omitted for the sake of clarity. The deviation of 
points (average of at least three readings) was less 
than 2 hardness numbers from the curves shown. 

Alloys 661 (2.2 pct Ti, 0.9 pet Al) and 855 (3.0 pct 
Ti, 0.5 pet Al) have about the same total atomic 
percentage of the two elements and have about the 
same saturation temperatures (see Fig. 2). Fig. 7 
shows, however, that the increased titanium content 
is more significant in imparting hardness at the 
higher temperatures than is aluminum. This is prob- 
ably due to the decreased rate of growth of the pre- 
cipitate caused by the replacement of some of the 
aluminum by titanium. 

Typical electrical resistance curves (at tempera- 
ture) are shown in Fig. 8. They indicate a similar 
behavior to that shown by the hardness curves but 
were more difficult to interpret. Such resistance 
curves were used to confirm the hardness data for 
all the alloys and served as a simple check; how- 
ever, they were not entirely useful by themselves, 
without supporting data of other types. 

Reference to Fig. 7 shows that the hardness of 
alloy 661 (2.2 pct Ti, 0.9 pct Al) did not change 
during aging at 1650°F. This is in agreement with 
the results of the microstructural examinations, dis- 
cussed previously, which indicated that 1650°F is 
above the saturation temperature for alloy 661. 

On the basis of the hardness curves for alloy 661 
and the tentative saturation temperatures shown in 
Fig. 2, it can be seen why the strength of the early 
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Nimonic 80 variation (2.0 to 2.5 pct Ti, 0.7 to 1.0 
pet Al) dropped so sharply when the service tem- 
perature was increased to 1500°F, or higher. To in- 
crease the useful service temperature of the Nimonic 
80 type alloys the total solute content should be in- 
creased according to the increase in solubility with 
temperature. 

Precipitation of »: Fig. 9 shows the course of pre- 
cipitation of » from alloy 692 (3.7 pct Ti) at 1450°F. 
After aging 540 hr, the needlelike particles could 
clearly be resolved at a magnification of X500. Dur- 
ing aging at 1650°F, however, the particles grew 
within a few hours to a size visible under an optical 
microscope. Fig. 3 shows the microstructure after 
aging 430 hr at 1650°F. 

Precipitation of » in alloy 692 was characterized 
by a noticeable incubation period for the changes in 
hardness and electrical resistance, Fig. 10. (At 
1650°F the hardness readings were scattered ran- 
domly around 75 Rockwell B.) Such an incubation 
period was not observed during precipitation of y’ 
from alloys having a saturation temperature ap- 
proximately equal to that for alloy 692. (Compare, 
for example, Fig. 10 with the hardness and electrical 
resistance curves for alloy 661, Figs. 7 and 8.) This 
difference in the hardness and resistivity changes of 
the two types of alloys might be explained by con- 
sideration of the precipitation processes for the y’ 
and the » phases. Whereas the nucleation of y’ in- 
volves only a segregation and an ordering of the 
titanium and aluminum atoms, the formation of a 
nucleus of yn requires in addition a restacking of the 
close-packed layers from the face-centered cubic to 
the hexagonal arrangement. Furthermore, as was 
shown by Taylor and Floyd,"* » dissolves practically 
no chromium and nickel, whereas y’ dissolves a con- 
siderable portion of chromium and some nickel. 
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Fig. 8—Change in the electrical resistance at temperature of 
alloys 661, 684, and 688 during aging at 1250° to 1650°F. 
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Fig. 9—Alloy 692. 3.7 pct Ti. Etchant A. X500. 
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Fig. 10—Change in the hardness and the electrical resistance of 


alloy 692 (3.7 pct Ti) during aging at 1250° to 1650°F. X repre- 
sents the hardness after solution treatment. 
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Thus, for the formation of » the composition re- 
quirements are more strict than for the precipitation 
of y’. It is expected therefore that the nucleation of 
» is a slow process compared with that of y’, and 
when a nucleus of » is formed, further depletion of 
the neighborhood matrix will take place more easily 
by growth of this nucleus than by formation of new 
ones. As a result, the number of » particles formed 
during the early part of the aging treatment was 
relatively small, and the interparticle distance large. 
Consequently, the associated changes in hardness 
and electrical resistance were small, or not at all 
noticeable. As the aging period increased, the num- 
ber of precipitated particles increased, which de- 
creased their spacing. Ultimately, increases in both 
hardness and resistance were observed. 

Stress Rupture Tests: Fig. 11 is a log-log plot of 
stress vs rupture life at 1500°F for some wrought 
alloys with compositions similar to those alloys dis- 
cussed in the previous sections. Before testing, the 
rupture bars were solution treated for 8 hr at 
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b—Aged 4 hr at 1450°F. 
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(Re, 28). 


1027 1026 


im 1000 PS: 


STRESS 


930-2 O% 09% 4), 
954-3.2% 0 O2NC 
(O27 -O% Ti, SON 
Ti, 
1045-3 


10 
RUPTURE LIFE IN HRS 
Fig. 11—Stress vs rupture life for alloys solution treated 8 hr at 
2000°F (air cooled) and aged 16 hr at 1300°F. Test temperature 
1500°F. 


2000°F, air cooled, and aged for 16 hr at 1300°F. 
This heat treatment is close to that recommended 
for Nimonic 80 by Mond Nickel Co.’ 

For the alloys hardened by precipitation of y' the 
fracture was a combination of transcrystalline and 
intercrystalline at the higher stress levels and 


Table Il. Elongation at Rupture for Alloys Tested at 1500°F 


Alley 

ose Alley 
2.0% Ti, 2.3% Ti, 934 
0.9% Al LSGAI 3.2% Ti 


Alley 
930 


Alley 
1027 1028 
3.8% Al 3.9% Al 


Alley 


Stress 1.0% Al 


Solution Treated 8 Hr at 2000°F and Aged 16 Hr at 1300°F 


18.0 
6.0 17.5 9.5 


9.0 
6.0 2.0 3.0 


Solution Treated 4 Hr at 2000°F and Aged 20 Hr at 1450°F 


60,000 
45,000 15.5 
35,000 8.5 
22,500 
20,000 2.0 


Selution Treated 4 Hr at 2000°F and Aged 20 Hr at 1560°F 
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Fig. 12—Stress vs minimum creep rate for alloys with the following 
combinations of solution and aging treatments: Solution treated 
8 hr at 2000°F (air cooled) and aged 16 hr at 1300°F; solution 
treated 4 hr at 2000°F (water quenched) and aged 20 hr at 
1450°F; solution treated 4 hr at 2000°F (water quenched) and 
aged 20 hr at 1560°F. Test temperature 1500°F. 


mainly intercrystalline at 20,000 psi or lower. The 
curves for alloys 1027 (3.8 pct Al), 1028 (3.9 pct 
Al), and 1043 (3.3 pct Ti, 1.0 pet Al) confirm the 
observations that were made regarding the increased 
strengthening effect obtained by replacing alumi- 
num in part by titanium. Such substitution also de- 
creased the creep rate (Fig. 12), the elongation at 
rupture (Table III), and the tendency to transcrys- 
talline fracture. Fig. 11 also demonstrates the effect 
of an increase in the solute content of the alloys. 
Compare the progressively improved rupture 
strengths of alloys 930 (2.0 pct Ti, 0.9 pet Al), 932 
(2.3 pet Ti, 1.5 pet Al), and 1043 (3.3 pct Ti, 1.0 pet 
Al). 

The rupture lives obtained during these tests are 
somewhat lower than expected from data published 
for commercial alloys. For a Nimonic 80 alloy with 
2.5 pet Ti and 0.8 pct Al, the 100 hr rupture strength 
at 1500°F was 21,000 psi,” and higher values have 
been reported for alloys with higher solute content. 
It was thought that the lower strength observed 
during the present investigations was in part due to 
the large grains which occasionally occurred in the 
structure, Fig. 13. In an attempt to reduce the 
amount of abnormal grain growth taking place dur- 
ing the solution treatment, a series of test bars were 
solution treated for only 4 hr. These bars were 
water quenched from the solution temperature 
(2000°F). Furthermore, to produce, if possible, a 
more stable structure the aging temperature was in- 
creased to 1450°F, the aging period being 20 hr. 
The results of stress rupture tests of alloys 1027 
(3.8 pet Al) and 1043 (3.3 pct Ti, 1.0 pet Al) heat 
treated in this manner, are reproduced in Figs. 12 
and 14. Whereas the change in heat treatment had 
no effect on the rupture and creep strengths of alloy 
1027, which contains only aluminum, it increased 
significantly the rupture strength from 21,000 to 
25,000 psi for 100 hr at 1500°F, and decreased the 
creep rate of alloy 1043. For alloy 1043 the 
4 hr-2000°F solution treatment, 20 hr-1450°F aging 
treatment also resulted in greater rupture elonga- 
tion at the higher stress levels, Table III. Similar 
changes were observed for alloy 661 (2.0 pct Ti, 
0.9 pet Al). 
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This change in the rupture characteristics of alloy 
661 and 1043 cannot be a grain size effect because 
the grain size range and the grain size distributions 
after the two different combinations of solution and 
aging treatments were practically the same. Most 
probably the improvement in rupture strength is 
related to the increased aging temperature. The 
1300°F aging treatment might have strengthened 
the grains to such an extent that stress concentra- 
tions could not be released by local deformation 
within the grains. This would cause early rupture 
with little elongation. On the other hand, aging at 
1450°F might probably result in a somewhat softer 
(see Fig. 7), less critically strained structure capa- 
ble of some deformation, as evidenced by the higher 
creep rate in spite of the longer rupture life. 

To determine the effect of a further increase in the 
aging temperature for alloy 1043, one series of test 
bars was aged at 1560°F for 20 hr after a 4 hr solu- 
tion treatment. Compared with the 1450°F aging 
treatment, the 1560°F treatment gave the same high 
rupture strength, but a higher creep rate and rup- 
ture elongation (see Fig. 12 and Table III). This 
again is in line with the concept of a less critically 
strained structure. 

In Figs. 11 and 12 are also plotted the rupture and 
creep strengths of alloy 934 (3.2 pct Ti) which was 


Fig. 13—Alloy 1043. 3.3 pet Ti, 1.0 pet 
Al. Solution treated 8 hr at 2000°F (air 
cooled) and aged 16 hr at 1300°F (air 
cooled). Fracture zone of rupture bar tested 
at 1500°F and 45,000 psi. Etchant A. X75. 
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Fig. 14—Stress vs rupture life for alloys solution treated 4 hr at 
2000°F (water quenched) and aged 20 hr at 1450°F. Test tem- 
perature 1500°F. 
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a~-Fracture zone of rupture bar tested b—Fracture zone of rupture bar tested 
directly at 1500°F and 20,000 psi. 1.2 at 1500°F and 9000 psi for 431 hr with- 


hr rupture life and 23.5 pct elongation. out fracture. 
fracture. Total elongation, 6.5 pct. X250. 


X150. 


1.1 he at 20,000 psi to 


Fig. 15—Alloy 934. 3.2 pct Ti. Solution treated 8 hr at 2000°F (air cooled) and 
aged 16 hr at 1300°F (air cooled). Etchant A. 


hardened by precipitation of ». The high tempera- 
ture short time strength of this alloy was much 
lower than that for any of the alloys hardened by y’, 
probably because of the lower rate of nucleation of ». 

Fig. 11 shows, however, that a specimen tested at 
9000 psi lasted considerably longer than that ex- 
pected from the extrapolation of the short time data. 
Presumably appreciable further precipitation oc- 
curred during the rupture test and resulted in an in- 
crease in the strength of this alloy (cf., Fig. 10 
which shows that the hardness of alloy 692, 3.7 pct 
Ti, was still increasing even after 540 hr at 1450°F). 
After 431 hr at 9000 psi (the specimen was unbroken) 


with a total creep strain of 6 pct, the stress was in- 
creased to 20,000 psi. Without much further elonga- 


tion, the specimen broke after 1.1 hr. The total 
elongation was 6.5 pct compared with 23.5 pct for a 
bar stressed directly at 20,000 psi. Fig. 15a and b 
shows the fracture zones for these two test bars. 
The heavy precipitation which had occurred during 
the 431 hr exposure at 9000 psi was evidently suffi- 
cient to prevent any marked deformation when the 
stress later was raised to 20,000 psi. Note the pres- 
ence of the intergranular cracking in Fig. 15b. 


Conclusions 

The present investigation has confirmed the state- 
ment by Hignett’ that the titanium and aluminum 
hardened Ni-Cr alloys of the Nimonic 80 type owe 
their high strength to the precipitation of an inter- 
metallic compound based on the cubic Ni,Al phase, 
y, but with aluminum partly replaced by titanium. 
This substitution, which increases the misfit between 
the lattices of the y’ phase and the matrix, raises the 
creep and rupture strength of the alloys. This in- 
crease in strength was accompanied by a relatively 
large decrease in ductility. It was found, however, 
that by raising the aging temperature of the high 
titanium alloys their ductility can be improved 
without any loss or even with a gain in rupture 
strength. Substitution of titanium for aluminum 
appears to decrease the rate of growth and coales- 
cense of y’, resulting in stronger alloys. 

When the titanium to aluminum ratio of the alloys 
is increased beyond the solubility limit for titanium 
in Ni,Al, the hexagonal Ni,Ti phase, », starts to pre- 
cipitate. The precipitation rate of » is slow, as indi- 
cated by hardness; therefore the increase in strength 
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due to precipitation of this phase occurs very slowly 
and may not be achieved at all in short time or in- 
termediate length tests. 

To raise the useful service temperature for the 
Ni-Cr type alloys, it is suggested that the titanium 
to aluminum ratio be increased toward the end of 
the homogeneity range for yy, and the sum of the 
titanium and aluminum contents should be increased 
within the limits permitted by fabrication or proc- 
essing. 
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A Cursory Investigation of Intermediate Phases in the Systems 
Ti-Zn, Ti-Hg, Zr-Zn, Zr-Cd, and Zr-Hg by X-Ray Powder 
Diffraction Methods 


by Paul Pietrokowsky 


Intermediate phases in the binary metal alloy systems Ti-Zn, 


Ti-Hg, Zr-Zn, Zr-Cd, and Zr-Hg have been investigated by X-ray 
powder diffraction methods. Gamma-Ti,Hg and Zr,Hg have a beta 
tungsten structure; TiHg and ZrHg are analogous to ordered AuCu 
(L 1, type); delta-Ti,Hg and ZrHg, are isomorphous with ordered 
AuCu; (L 1, type); ZrZn, is face-centered cubic (C 15 type); TiZn, 
crystallizes in a C 14 type structure; and Zr.; .,,Cd.,. occurs in cubic 
and tetragonal modifications in which a random distribution of 
atoms exists. Additional information for the intermediate phase 


TiZn, is presented. 


HE physical metallurgy of titanium and zir- 

conium when alloyed with elements in subgroup 
II-B of the periodic table has received compara- 
tively little attention in the literature. Laves and 
Wallbaum’ reported the existence of several inter- 
mediate phases in the system Ti-Zn. They identified 
TiZn as a CsCl (B 2) structure and described TiZn, 
as an ordered Cu,Au (L 1, type) crystal structure. 
Gebhardt’ investigated very limited zinc-rich regions 
in the systems Ti-Zn and Zr-Zn. Phase relationships 
in these partial constitution diagrams were deduced 
from the results of thermal analysis and metal- 
lography, X-ray results being inconclusive. The first 
zine-rich intermediate phase in either system was 
not identified. More recently, Anderson, Boyle, and 
Ramsey* have had occasion to refer to a partial 
Ti-Zn phase diagram (unpublished data) covering 
the region 0 to 10 atomic pct Ti, wherein two 
intermediate phases corresponding approximately 
to TiZn,, and TiZn,, were indicated. 

The metals used in this investigation and typical 
analyses as determined by the suppliers are given 
in Table I. The iodide-process zirconium which was 
used was not hafnium free. 


Experimental Methods 


Alloy Preparation: The relative ease with which 
titanium and zirconium combine with other elements 
places extensive restrictions on the methods by 
which alloying can be achieved. The direct current 
electric arc melting procedure was found to be un- 
satisfactory for preparing these binary alloys and 
for this reason solid state diffusion methods were 
utilized. 

The iodide process titanium and zirconium rods 
were filed by hand. Fines were subjected to a mag- 
netic separation and classified as to size as either 
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Table |. Materials Used 


Metal Supplier Analysis 

Zn J.T. Baker Chemical Co. As 1x10-* pet 
Pb 3x10-* pet 
Fe 3x10 pet 

Cd J.T. Baker Chemical Co. Cu 5x10 pet 
Pb 1x10-* pet 
Fe 2x10 pet 

He Braun Corp. Triple distilled 

Ti New Jersey Zinc Co. Mn 6.5x10-* pet 
Fe 2.2x10- pet 
Cu 1.5x10-* pet 
Pb 4.2x10 pet 


finer than 200 mesh or coarser than 200 but finer 
than 80 mesh. Powder mixtures of various binary 
combinations of titanium and zirconium with zinc 
and cadmium were compacted in a 12 mm diameter 
die and then placed in Vycor or quartz vials which 
were evacuated and sealed. The mercury alloys were 
prepared in a similar manner; the proper weight of 
liquid mercury being placed in a vial with minus 
200 mesh titanium or zirconium. These ampoules 
were then heat treated at various temperatures and 
times depending on the characteristics of the par- 
ticular alloy system. Upon completion of the heat 
treatment the ampoules were cooled rapidly and the 
specimens weighed. The loss in weight varied from 
1 to 3 pet (except as noted in the text) and for this 
reason the calculated compositions were accepted as 
a fair measure of the actual alloy compositions. 

X-Ray Diffraction Techniques: Powder diffraction 
experiments were conducted at room temperature 
with a 143.2 mm Debye-Scherrer X-ray camera in 
which the film was placed in the Straumanis arrange- 
ment. When copper radiation was used, a nickel 
filter was employed, and for the cobalt target a filter 
of iron oxide was used. In both cases, the £ filter 
was placed between the X-ray target and the powder 
specimen which was mounted on a glass fiber. 

The lack of information based on optical metal- 
lography placed reliance on the results obtained 
from the X-ray experiments for determination of 


FEBRUARY 1954, JOURNAL OF METALS—219 


ky 
| 


Table ti. Lattice Constants, interatomic Distances, and Atomic 
Volumes for Titanium, Zirconium, Zinc, Cadmium, and Mercury 
Lattice Interatemic Atomic Refer- 
Constants, Distances, Volume, ence 
Element A A A 
Ti a = 2.9503 2.8955 17.65 12 
c = 4.6832 2.9503 
c/a 1.587 
Zr @ = 3.2321 + 0.0001 3.1790 23.29 13 
c = 5.1475 > 0.0004 3.2321 
c/a = 1.502 
Zn a = 2.6595 + 0.0001 2.6595 15.12 14 
c = 4.9369 + 0.0001 2.907 
c/a 1.856 
Cd a = 2.9731 > 0.0001 2.9731 21.46 4 
c = 5.6069 > 0.0005 3.287 
c/a 1.886 
Hg @ ~ 2.909 (227° Abs.) 2.909 22.53° 8,15 
«= 70° 31.7 


* Explanation in text. 


the intermediate phases. When the Debye-Scherrer 
X-ray powder technique is employed only a rela- 
tively small volume of diffracting material is irra- 
diated, hence questions may arise as to whether the 
small sample which has been examined is repre- 
sentative of the alloy in bulk. For this reason, when- 
ever possible, a Geiger counter spectrometer employ- 
ing a divergent beam was used in conjunction with 
the powder rod method. The source of X-rays for 
the spectrometer was a line focus which, together 
with the slit system, resulted in an irradiated area, 
dependent upon the Bragg angle, approximately 
11 by 6 mm. 


Calculations 


Lattice Parameters: In this investigation, the least- 
squares method was used to determine unit cell 
dimensions, since it yields less biased values for the 
parameters and in addition permits the probable 
error in these measurements to be calculated. The 
weighted observational equation for the i“ reflection 
of a tetragonal crystal can be written 


Vw, Ava, +\/w. B, Bi w,D8,... 
[1] 


where A, (A/2a)*; B, = (A/2c)*; a = hy’ + 
By l,"; A is the wavelength of the characteristic 
radiation; D is a proportionality constant; 5, = 5,(6); 
w, = w,'/cos’é, = weight function. 

The function 8,(@), which was used, is that sug- 
gested by the investigation of Nelson and Riley‘ for 
cubic crystals; this graphical method of analysis was 
extended to nonisometric systems of crystals by 
Taylor and Floyd.’ An auxiliary weight function, 
w,’, was assigned integral values, 1, 2, 3, or 4, de- 
pending upon the quality of the diffracted maxima. 
Factors which would influence the reliability of the 
measurements, such as very low intensity, line 
broadening produced by a near coincidence of re- 
flections, and line broadening prior to Ka,, Ka, doublet 
resolution, were considered in assigning values to 
this function. Normal equations were written in the 
usual manner. Methods for solving these equations 
are discussed by Whittaker and Robinson.* When the 
determinant form is used the standard errors may 
be calculated from the residuals and coefficients of 
the determinant. Errors so determined reflect upon 
the accuracy of the data and do not include those 
uncertainties which are imposed by the variation in 
specimen temperature during en X-ray exposure and 


Vw, sin’ 


220—JOURNAL OF METALS, FEBRUARY 1954 


Table Ill. X-Ray Powder Diffraction Data for ZrZn,. Copper 


Radiation. 
d,A hki 1 (Obs.)* I (Cale.)* 
2.63 220 8 390 
2.23 311 vs 1000 
2.13 222 ms 291 
1.85 400 w 13 
1.51 422 m 133 
1.428 511-333 8 297 
1.308 440 8 238 
1.168 620 man 56 
1.127 533 San 103 
1.115 622 San 101 
0.9883 642 mai 83 
0.9624 731-553 V8an 243 
0.9244 800 wai 60 
0.8718 822-660 mani 54 
0.8541 555--751 San 188 
0.8482 662 man 98 
0.7885 664 Sai 100 
0.7752 931 vsai 755 


* vs, very strong; 8, strong; ms, medium strong; m, medium; wm, 
weak medium; w, weak; and vw, very weak. Miller and Miller- 
Bravais indices without a subscript refer to unresolved Ka, Kaz 
doublets; subscript aw represents the coincidence of a Ka: reflection 
with the Ka; from a plane of larger interplanar spacing. Letter 
“A” was used to indicate that an absorption correction would be 
necessary before the particular calculated intensity could be com- 
pared with adjacent maxima. 

+ To conserve space, calculated intensities too weak to be ob- 
served were omitted, except as discussed in the text. 


chemical impurities. The accuracy obtained from 
the least-squares analysis varied from approximately 
1 part in 50,000 to 1 part in 300. The high precision 
which was obtained may not be too significant al- 
though it does indicate that the experimental and 
analytical procedures used are capable of accurate 
results. 

Wavelengths which were used for calculations are 
those suggested by Lonsdale." 

Intensities: Calculated intensities for the diffrac- 
tion maxima corresponding to the crystal structures 
were obtained by application of the following 
expression for the intensity of a Debye-Scherrer 
powder photograph maxima: 


Intensity (hkl) = constant |F (hkl) |*p 
1 + 20 
[3] 
sin’ @ cos @ 
where F (hkl) is the structure factor; p is the multi- 
plicity of (hkl); and (1 + cos* 2@)/(sin* @ cos @) is 
the Lorentz and polarization factor. 

Temperature and absorption factors have been 
omitted from Eq. 2. The former is a decreasing 
exponential function and the latter an increasing 
exponential function. For the structures which were 
considered in this paper, these factors would tend to 
nullify one another, although the absorption would 
exert more influence upon the intensity. 

Unit Cell Content: For unit cells of moderate size, 
with which this investigation was concerned, an 
approximate value for the density of an alloy is 
sufficient to establish the number of atoms which 
are present in the unit cell. Values of atomic vol- 
umes which were used for calculations are given in 
Table II. The volume per atom given for mercury 
represents an approximate volume based on the 


Table IV. Interatomic Distances for ZrZn, 


Atom Neighbors Distance, A 
Zn (id) 6 Zn id) 2.61 
Zr (a) 12 Zr (a) 3.07 
Zn id) 4 Zr id) 3.20 
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extrapolation of unit cell volumes in the system 
Cd-Hg which have been summarized.” It is the 
average of atomic volumes of the cadmium-rich 
hexagonal phase and mercury-rich tetragonal phase 
when extrapolated to 100 pct Hg. 


Results 

System Zr-Zn: An intermediate phase in this 
binary system was found close (65 atomic pct Zn) 
to the stoichiometric ratio expressed by the formula 
ZrZn,. X-ray diffraction maxima of powder samples 
of this phase were indexed as a face-centered cubic 
lattice; a = 7.3958 + 0.0003A. 

A survey of the indexing presented in Table III 
indicates the following systematic reflections: 


(hkl) with (h + k), (k +1) = 2n 
(hkO) with (h + k) = 4n. 


From these observations, one is led to the space 
group O’, — Fd3m, which has all the symmetry ele- 
ments required by the data. The number of atoms 
in the unit cell is 8 zirconium and 16 zinc. The zir- 
conium atoms can be placed in the eight-fold posi- 
tions (a) or (b) of space group Fd3m. Similarly, the 
16 zinc atoms may be placed in either (c) or (d). A 
solution based on 8 zirconium in (a) and 16 zinc in 
(c) or 8 zirconium in (b) and 16 zinc in (d) cannot 
be accepted, because the zirconium to zinc inter- 
atomic distances would be unreasonably small. A 
packing of atoms involving either 8 zirconium in 
(a) and 16 zinc in (d) or 8 zirconium in (b) and 16 
zine in (c) is acceptable. The former mode of pack- 
ing differs from the latter by a translation of the 
origin from (000) to (%% '2). Intensities were cal- 
culated with the unit cell content distributed as 
follows: 


000; 04% %; %0%;%%0; + 
8 Zrin (a): 000; %4%4™%; 
16 Zn in (d): % 58%: 54% 458%; % 


Results of the intensity calculations are in order 
except for the single reflection from (800) and the 
coincidence of reflections from (822) and (660). It 
is apparent that the effect of absorption must be 
considered in comparing these intensities since an 
appreciable difference in sin 6/d for these spectra 
does exist. Table IV gives the interatomic distances 
for ZrZn,. 

System Ti-Zn: Although the crystal structure of 
the zinc-rich compound, TiZn,, of this system has 
been reported,’ no data concerning this structure are 


Table V. X-Ray Powder Diffraction Data for TiZn,. Copper 


Radiation. 
d.A hkl I (Obs.)* 
3.93 100 w 
2.79 110 w 
2.26 111 vs 
1.96 200 s 
1.75 210 w 
1.60 211 w 
1.388 2: s 
1.312 300-221 w 
1.235 310 w 
1.184 311 s 
1.134 222 man 
0.9823 400 man 
0.9024 331 vSan 
0.8790 420 
0.8026 422 


* See footnote to Table III. 


Table Vi. Interatomic Distances for TiZn, 


Atem Neighbors Distance, A 


given except the lattice dimensions, and packing 
considerations indicate that it is not possible to 
place one titanium atom and three zinc atoms into 
the reported unit cell. For these reasons, a brief 
description of TiZn, is included here. The indexing 
for the phase is given in Table V. Observed X-ray 
reflections may be indexed on a primitive cubic 
lattice; a = 3.9322 + 0.0003A. 

If it is assumed that this intermediate phase 
possesses the crystal structure of ordered AuCu, 
(L 1, type), then the atoms occupy the following 
positions of O', — Pm3m: 


1 Tiin (a): 000; 
3 Zn in (c): 04% %; %0%;%%0. 


The interatomic distances for TiZn, are given in 
Table VI. 

A second phase, TiZn,, was found to exist at its 
ideal composition. An X-ray diffraction photograph 
made with cobalt radiation was indexed on a hex- 
agonal lattice: a 5.064 + 0.002A; c = 8.210-+ 
0.002A. 

The unit cell was calculated to contain 11.9 (i.e., 
12) metal atoms, assuming additivity of atomic 
volumes. The indexing for this intermediate phase, 
which is given in Table VII, suggests the following 
systematic reflections are present: (hhl) with l = 2n. 

In the hexagonal system, the space group of highest 
symmetry consistent with these data is Dy, — 
P6,/mme. Since it had already been determined 
that ZrZn, formed an MgCu, (C 15 type) structure, 
the possibility that TiZn, might be similar to MgZn, 
or MgNi, was considered. Friauf* regarded D', as 
the most probable space group for the crystal struc- 
ture of MgZn,. Intensity calculations for this two 


Table Vil. X-Ray Powder Diffraction Data for TiZn,. Cobalt 


Radiation. 

d,A hk.l 1 (Obs.)* I (Cale,)* 
4.38 10.0 m 255 
4.08 00.2 119 
3.85 10.1 wu 136 
2.54 11.0 w 189 
2.31 10.3 ms 556 
2.19 20.0 vw 89 
2.15 11.2 vs 996 
2.12 20.1 vs 1000 
2.04 00.4 w 225 
1.93 20.2 m 321 
1.85 10.4 w 152 
1.71 20.3 w 111 
1.66 21.0 vw 29 

30.0 - 29 
1.419 21.3 m 206 
1.379 30.2 m 218 

-- 00.6 37 
1.312 20.5 ms 280 
1.291 21.4 wm 86 
1.270 22.0 ms 263 
1.159 20.6 mar 123 
1.115 31.3 may 95 
1.090 40.1 mar 111 
1.079 22.4 189 
1.061 40.2 we 45 
1.045 31.4 we 49 
0.9464 32.3 man 78 
0.9347 412 v8ar 177 
0.9300 22.6 91 
0.9131 40.5 Sa) 140 


*t See footnotes to Table II 


TRANSACTIONS AIME 


FEBRUARY 1954, JOURNAL OF METALS—221 


: 
Zn 8 Zn 2.78 
Zn (c) 4 Ti (a) 2.78 € 
Ti (a) 6 Ti (a) 3.93 ry 
Dy 
2 


Table Vill. Interatomic Distances for TiZn, 


Neighbers 


Distance, A 


2 th) 
6 th) 
(a) 
3 Ti 


parameter structure were made with atoms being 
located as follows: 


4 Ti in (f): 1/3 2/3 z; 2/3 1/3 z;2/3 1/3 % +2; 
1/3 2/3 % —z;z = 1/16 

2 Zn, in (a): 000; 00% 

xr = 5/6. 


The ideal parameters which have been used con- 
stitute a good trial structure as the calculated rela- 
tive intensities indicate (see Table VII). The absence 
of (30.0) and (00.6), which calculate to be very 
weak reflections, suggests that parameter refinement 
may be necessary for this structure. Calculated in- 
tensity for the (00.6) decreases if z is reduced; the 
intensity of (30.0), however, will decrease in value 
with either a positive or negative displacement of x 
from the trial position. What is necessary here is a 
refinement that will include all the observed data 
and (hk.l) which are susceptible to small variations 
in z and x. The interatomic distances for TiZn, are 
given in Table VIII. 

System Zr-Cd: Subsequent to heat treatment at 
700°F (371°C) for four days, the zirconium-rich 
alloys indicated that mixtures of a or a’ zirconium 
(A 3 type) and a cubic phase were present. With 
increasing cadmium content, but not more than 67 
atomic pet Cd, an increase in the relative proportion 
of the cubic phase resulted. An alloy containing 60 
atomic pct Cd gave very strong diffraction lines cor- 
responding to the Cu (A 1 type) structure. There 
was only one diffraction maximum which could be 
related to hexagonal close-packed zirconium and 
that was a very weak reflection from (10.1). Indexed 
reflections corresponded to a face-centered cubic 
lattice: a = 4.3768 + 0.0006A. 


Table 1X. X-Ray Powder Diffraction Data for Cadmium-Rich Zr-Cd 
Intermediate Phases. Copper Radiation. 


Cuble Phase Tetragonal Phase 


hkl hk HKL 1 (Obs.)* 


> 


S558 


823233582287! 
= 8% S85 S83 


2383 


a= 


oo 


0.8291 
0.7812 


* See footnote to Table ITI. 


Interatomic Distances for Zr,, .,Cd.,, 


Zr, Cd (a) 
Zr, Cd 


Tetragonal 
Zr, Cd (a) 
Zr, Cd (a) 


Data obtained from alloys containing 67, 75, and 
80 atomic pct Cd indicated that two phases were 
present, the cubic phase described in the previous 
paragraph and a second phase whose lines appeared 
to be split from this cubic phase. Diffraction pat- 
terns of the second phase could be fitted to a tetrag- 
onal unit cell. Choice of the axial ratio was made 
by consideration of the intensities of the split lines 
relative to the index of the corresponding cubic line. 
Calculated values of (1/d)* were in good agree- 
ment with the observed data. In Table IX the in- 
dices hkl refer to a four atom tetragonal unit cell, 
for comparison with the four atom cubic unit cell. 
The indices HKL which were obtained by the lattice 
transformation described in the next section on Ti- 
Hg refer to a body-centered tetragonal unit cell 
containing two atoms: a = 4.4184 + 0.0004A; c = 
4.3008 + 0.0006A. 

After 47 days of heat treatment at 700°F (371°C), 
there was no evidence of the tetragonal intermedi- 
ate phase in the 67 atomic pct Cd alloy. Binary 
mixtures containing more than 67 atomic pct Cd 
lost considerable quantities of cadmium during heat 
treatment. Lattice constant measurements of the 
cubic phase showed no change. 

. The cubic and tetragonal unit cells which have 
been described each contain four atoms. Intensity 
data which are given in Table IX may arise from 
either of two situations: 1—a random distribution 
of zirconium and cadmium among all available sites, 
or 2—the location of each chemical species of atoms 


Table Xi. X-Ray Powder Diffraction Data for TiHg. Copper 
Radiation. 


I (Cale.)* 


I (Obs.)* 


> 


582338 


33353 


= 


© 


1885 


*t See footnotes to Table III. 
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t 
Toble 
Atom Atom Neighbors Distance, A 
Snes (h) Cubie 
1 ta) 12 Zr,Cd (a) 3.10 
6 Zr,Cd (a) 4.38 
8 2r,Ca (a) 3.08 
001 001 s 380 
111 101 vs 1000 
200 110 s 311 
153 
13 
101 vs 121 
218 
80 
84 
275 
120 
; s 115 
57 
76 
42 
33 
47 
; 1 Sa 77 
234 
lor 67 
222 wa 204 114 78 
Pi mane 332 302 wai 35 
114 man 422 312 San 180 
312 man 224 204 man 102 
4 422 San 510-403 320-223 mai 90 
224 204 wai 511 321 San 236 
115 105 wan 115 105 354 
1 440 400 wa 423 313 vVSa 415 


Table XII. Interatomic Distances for 


Atom Neighbors Distance, A 
Ti (d) 8 Hg ia) 2.93 
Ti id) 4 Ti (d) 3.01 
Hg (a) 4Hg (a) 3.01 


in a set of crystallographically equivalent positions. 
The latter configuration of atoms is possible if the 
reflections from planes of mixed indices are too 
weak to be detected by the X-ray methods em- 
ployed. In the case of TiZn, weak lines are observed 
from planes with mixed indices; these intensities 
are proportional to |f:, — fz’. The choice between 
the two situations rests on the absolute value of the 
difference in scattering factors of zirconium and 
cadmium as compared to titanium and zinc. Tab- 
ulated values of the Thomas-Fermi scattering fac- 
tors,” in the direction of the incident beam, indicate 
a difference in scattering of eight electrons for the 
elements in each pair of binary systems being con- 
sidered. As sin @/A increases this difference de- 
creases, and at sin 6/A equal to 0.3, the absolute 
value of the difference in scattering of zirconium 
and cadmium atoms is 0.4 electron greater than the 
corresponding difference for zinc and titanium. A 
further correction is necessary when the incident 
radiation A is in the neighborhood of an absorption 
edge, Ax, of an element being irradiated. Correc- 
tions for dispersion by K electrons were calculated 
with the formulae of Hénl.” The general expression 
for a dispersion correction is a complex quantity 
which is independent of sin @/A. For specimens con- 
taining zinc, zirconium, and cadmium which are ex- 
amined with copper X-radiation, A/Ax is greater 
than unity and therefore the imaginary component 
of this correction is zero. The imaginary component 
calculated for titanium was so small that it was 
neglected. The real components of this correction 
were calculated and indicated that zirconium and 
cadmium showed a greater difference in scattering 
factors for all values of sin @/A. It is for these rea- 
sons that the cadmium-rich Zr-Cd crystal struc- 
tures which have been reported are considered a 
random mixture of atoms in all available crystal- 
lographic sites. It is not possible, from available 


Table XIll. X-Ray Powder Diffraction Data for Delta-Ti,Hg. 
Copper Radiation. 


hkl I (Obs.)* 


ad,A 1 (Cale.)* 
4.16 100 s 594 
2.95 110 s 517 
2.40 111 vs 1000 
2.07 s 470 
1.85 210 ms 283 
1.69 211 ms 213 
1.470 220 8 301 
1.386 300-221 m 141 
1.317 310 wm a4 
1.255 311 s 360 
1.199 222 wm 103 
1.153 320 w 63 
1.112 321 m 114 
1.041 400 wa 54 
1.009 410-322 wma: 96 
0.9807 411-330 wma: 72 
0.9550 331 Sai 205 
0.9309 420 San 208 
0.9086 421 99 
0.8880 332 wai 52 
0.8504 422 San 254 
0.8331 430 wai 84 
0.8172 510-431 227 
0.8016 511-333 vsan 519 


*t See footnotes to Table III. 


evidence, to assign a chemical formula of simple 
stoichiometric ratio to these intermediate phases. 
Until this point becomes clarified, the notation 
Zry«Cd., with x>0.60 is suggested. The inter- 
atomic distances are given in Table X. 

System Ti-Hg: Mercury-rich alloys of titanium 
were in either a liquid or mushy state. A 60 atomic 
pet Ti alloy, which had been heat treated at 1200°F 
(649°C), was solid and stable when in the evacu- 
ated ampoule. Immediately after the ampoule was 
opened, Debye-Scherrer photographs and X-ray 
spectrometer recordings were made and the diffrac- 
tion data indexed in the tetragonal system. After 
several days, liquid mercury began to separate from 
this alloy; this was accompanied by a pronounced 
decrease in the resolution of spectrometer lines: 
a = 4.256 + 0.001A; c = 4.041 + 0.001A; c/a = 
0.949. 

Atomic volume and packing considerations indi- 
cate that four atoms are present in the unit cell 
which has been described. Under these circum- 
stances, it is not unreasonable to assume an ideal 
composition of this intermediate phase to be TiHg 
for purposes of calculation and discussion. The 
unit cell contents were placed in the special posi- 
tions of space group D’,, — C4/mmm as indicated: 


1 Hg, in (a): 000 
1 Hg, in (c): %%0 
2 Ti in (e): 0%%; 


Calculated intensities for this crystal structure 
are given in Table XI. If the vector triple a,a.a,, 
which defines the four atom unit cell, is associated 
with the indices hkl, it is possible, by a simple 
transformation, to select a two-atom unit cell with 
a vector triple A,A.A, and indices HKL. 


H=(h+k)/2 K=(h—k)/2 L=l 


The transformed cell can be described formally 
with the notation for space group D‘, — P4/mmm: 


1 Hg in (a): 000 
1 Ti in (d): %%% 


a = 3.009 + 0.001A c = 4.041 + 0.001A c/a = 1.343. 


The interatomic distances for TiHg are given in 
Table XII. 

In the titanium-rich region of this binary system, 
two intermediate phases, each containing approxi- 
mately 75 atomic pct Ti, were found to exist. The 
phase which was stable between 1000° and 1400°F 
(538° and 760°C) has been designated y Ti,Hg. At 
1500°F (816°C), the stable phase is 6 Ti,Hg. Powder 
diffraction lines of the phase 6 Ti,Hg were indexed 
in the cubic system: a = 4.1654 + 0.0004A. 

The unit cell so defined must contain four atoms. 
Experimental measurements yield an atomic vol- 
ume of 18.07A* per atom, as compared to 18.84A" 
per atom when an additive density relationship is 
assumed. Indexed reflections presented in Table 
XIII indicate that the lattice is primitive and no 
systematic extinctions are present. Contents of the 


Table XIV. Interatomic Distances for Delta-Ti,Hg 
Neighbors Distance, A 


Atom 

Ti 8 Ti 2.95 
Ti 4 He (a) 2.95 
Hg (a) 6 Hg (a) 4.17 
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Table XV. X-Ray Powder Diffraction Data for Gamma-Ti,Hg. 
Copper Radiation. 
1 (Obs.)* I (Cale.)* 


> 


*?t See footnotes to Table III. 


unit cell were placed in the following positions of 
O', — Pm3m: 


3 Ti in (c): O%%; 40%; %%0 
1 Hg in (a): 000 


The interatomic distances for 4 Ti,Hg are given 
in Table XIV. 

Powder patterns of y Ti,Hg, made with filtered 
copper radiation, were also indexed in the cubic 
system: a 5.1888 + 0.0001A. 

A comparison of the relative volumes of 6 Ti,Hg 
and y Ti,Hg indicates that the larger unit cell of 
y Ti,Hg contains six titanium atoms and two mer- 


Table XVI. Interatomic Distances for Gamma-Ti,Hg 


Atom Neighbors Distance, A 


Ti (d) 
Ti (d) 
Ti id) 


Table XVII. X-Ray Powder Diffraction Data for Zr,Hg. Copper 
Radiation. 


1 (Obs.)* I (Cale.)* 


| 
>| 


| 


BS: 


= 


“cs 


*? See footnotes to Table III. 


Table XVIII. Interatomic Distances for Zr,Hg 


Atem Neighbors Distance, A 


Zr id) (d) 
Zr id) (a) 
Zr id) (d) 


cury atoms. Indices assigned to diffraction maxima 
from this phase (Table XV) show that reflections 
from (hhl) occur only if | = 2n. Two space groups 
which would explain this systematic reflection are 
O*, — Pm3n and T*, — P43n. Since the present study 
is concerned with two-fold and six-fold equivalent 
positions, it is necessary to consider only one of 
these space groups, the other being identical for 
these positions. Mercury atoms, of which there are 
two, must be in (a). If the six titanium atoms were 
placed in (b), general reflections with one index 
odd would be extinct and this is not consistent with 
the data. The titanium atoms could be placed in 
either 6(c) or 6(d), since these positions differ only 
by a translation of the origin. 


2 Hg in (a): 000; %4%% 
6 Ti in (d): 
440%; %%0; 04%; %40%; %%0; 0%%. 


Special conditions of extinction for (d) would 
explain the absence of reflections from (410), (430), 
and (531), since the mercury atoms do not contrib- 
ute to maxima for which h + k + 1 # 2n. Al- 
though the unit cell content might be placed into 
the space group of highest symmetry, O*, — Pm3n 
in this particular case, the observed intensities 
could be equally well explained if the eight atoms 
were arranged in T’, — Pm3 as follows: 


1 Hg in (a): 000 

1 Hg in (b): %%% 

6 Ti in (g): 2x%0; Or%; Or%: 
with 0.235<2x<0.250. 


Table XIX. X-Ray Powder Diffraction Data for ZrHg. Copper 


I (Cale.)+ 


vo | 


es 


<= 


SSS SOS 


oo 
VOn 


105-313 


*t See footnotes to Table III. 


Table XX. Interatomic Distances for ZrHg 


Neighbors Distance, A 
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— 
3.1 
110 s 844 
200 ms 476 3.40 
210 m 207 
211 vs 1000 
220 wm 131 
310 m 185 
320 wai 38 
321 517 
400 mai 96 
. 411-330 msai 106 
420 Sai 148 
421 man 35 
332 San 132 
422 man 40 
510-431 Sa) 142 
520-432 wai 39 
521 v8ai 218 
440 may 102 
530-433 msay 98 
600-442 San 148 
Fl 610 vwai 16 
611-532 430 
620 may 71 
541 Say 188 
622 wma 38 
- 542 630 317 
2Ti (d) 2.59 Radiation. 
2 He (a) 2.90 
hkl HKL I (Obs.)* 
110 100 w 104 
200 110 s 44 
hkl ee 002 002 m 142 
—-- — 201 111 w 66 
275 112 102 w 45 
le 443 220 200 w 111 
¥ 528 202 112 m 201 
2 1000 311 211 s 260 
fe 43 113 103 ms 111 
- 63 222 202 msp 108 
‘ 110 400 220 we 38 
511 004-223 004-203 we 31 
134 331 301 we 62 
38 5 114-313 104-213 Sr 135 
. 142 402 ma 62 
99 204 114 mp 62 
122 422 312 msp 62 
16 321 149 
: SB 
= = one 314-333 214-303 Sp 108 
521 Sai 175 115-423 Sp 142 
442-600 msan 109 
610 wa 33 SSS 
532-611 V8an 270 
541 wan 31 
0.8291 630-542 mai 133 
0.8199 631 vsan 259 Atom es 
0.7868 710-550-543 sa 124 He (a) 
-- Zr id) 4 Zr (d) 3.15 
Hg (a) 4 He (a) 3.15 


Table XXI. X-Ray Powder Diffraction Data for ZrHg,. Copper 


Radiation 
d,A hkl I (Obs.)* 
4.42 109 m 
3.10 110 m 
2.53 111 vs 
2.18 200 s 
1.95 210 wm 
1.78 211 wm 
1.54 220 8 
1.457 300-221 “ 
1.381 310 Ww 
1.316 311 vs 
1.261 222 s 
1.209 320 vw 
1.167 321 wai 
1.091 400 man 
1.059 410-322 wai 
1.030 411-330 wan 
1.001 331 San 
0.9764 420 San 
0.9310 vwai 
0.8916 422 San 
0.8727 500—430 wai 
0.8567 510-431 wai 
0.8403 511-333 
0.8106 432-520 wai 
0.7971 521 Sa) 


* See footnote to Table III. 


Table XXII. Interatomic Distances for ZrHg, 


Atom Neighbors Distance, A 
Hg ic) 8 Hg 

Hg (ec) 4Zr ia) 3.09 
Zr (a) 6 Zr ia) 4.37 


It is clear that additional experimental evidence 
such as the Laue symmetry or diffraction spectra 
from planes in which ¢(h* + k* + I’) >45 are neces- 
sary before a choice of space groups can be made. 
Intensity calculations in Table XV were made with 
x = 0.250. The interatomic distances for y Ti,Hg 
are given in Table XVI. 

System Zr-Hg: Several of the intermediate 
phases which occur in the system Zr-Hg are iso- 
morphous with Ti-Hg alloys which have been de- 
scribed. The zirconium-rich phase, Zr,Hg, is related 
to y Ti,Hg. Since the method of deducing this struc- 
ture and the uncertainty in the choice of space 
group has already been discussed, a description of 
Zr,Hg will be given without further comment. a 
5.5581 + 0.0002A. 

The eight atoms in the unit cell are located as 
follows: 


2Hgin : 000;%%% 
6 Zr in : 2x%0; x%0; 


The arrangement of atoms, with x = 0.250, was 
used to calculate the intensities which are displayed 
in Table XVII. The interatomic distances for Zr,Hg 
are given in Table XVIII. 

Alloys containing 50 atomic pct Hg gave rela- 
tively poor diffraction photographs, especially in the 
region of small interplanar spacings. There were, 
however, sufficient data to relate ZrHg (see Table 
XIX) to isomorphous TiHg. In computing the lat- 
tice parameters, the weight functions were set equal 
to unity for all reflections and the function 8,(@) 
placed equal to zero. a = 3.15 + 0.01A; ¢ = 4.17 + 
0.01A; c/a = 1.32. 

The interatomic distances for ZrHg are given in 
Table XX. 

Mercury-rich alloys in this system decomposed 
within several hours after the evacuated ampoules 
had been opened. Diffraction photographs which 
were made immediately after the alloys were ex- 
posed to atmospheric pressure showed only one 
intermediate phase between ZrHg and mercury. 
Maxima from a cubic mercury-rich phase were 
readily indexed (see Table XXI). a 4.3652 + 
0.0008A. 

The ideal composition for this phase is repre- 
sented by the chemical formula ZrHg,. The follow- 
ing positions of space group O', — Pm3m were 
utilized: 


1 Zr in (a): 000 
3 Hg in (c): 0%%; %0%; 


The interatomic distances for ZrHg, are given in 
Table XXII. 


Conclusions 

Phase relationships in the systems Ti-Zn, Ti-Hg, 
Zr-Zn, Zr-Cd, and Zr-Hg have been studied. Sev- 
eral intermediate phases have been established and 
their crystal structures determined by X-ray pow- 
der diffraction methods. Table XXIII gives a sum- 
mary of the structures and atomic volumes. 

ZrZn, is a face-centered cubic C 15 type structure. 
The previously reported structure for TiZn, has 
been confirmed. Intensity calculations indicate that 
the ideal position parameters for MgZn, (C 14 type) 
present a reasonable trial structure for TiZn,. A 
random distribution of atoms characterizes the face- 
centered cubic and body-centered tetragonal phases 
which have been designated Zr,,,,Cd,,,. TiHg and 
ZrHg crystallize in the ordered AuCu (L 1,) struc- 
ture. Gamma-Ti,Hg and Zr,Hg are isomorphous 
with § tungsten. At high temperatures the stable 
titanium-rich Ti-Hg intermediate phase is 6 Ti,Hg, 
which is analogous to the ordered AuCu, (L 1,) 


Unit Cell Atemic 
Parameters, Volume, 
Phase A A’ 


ZrZne 


a = 7.3958 + 0.0003 
TiZns a = 3.9322 + 0.0003 15.200 + 0.005 
TiZnz a = 5.064 + 0.002 15.20 + 0.02 
c = 8.210 + 0.002 
Zra-2Cdis a = 4.3768 + 0.0006 20.961 + 0.009 
Zra-2Cdie a = 3.1243 + 0.0004 20.990 + 0.009 
c = 4.3008 + 0 0006 
Tig a = 3.009 + 0.001 18.30 + 0.01 
c = 4.041 > 0.001 
Delta-TisHg a = 4.1654 + 0.0004 18.068 + 0.005 
Gamma-TisHg a = 5.1888 + 0.0001 17.463 + 0.001 
ZrHe a = 5.5583 + 0 0002 21.465 + 0.002 
ZrHg a=3.15+091 206+ 0.1 
e= 417+ 0.01 
ZrHgs a = 4.3652 + 0.0008 20.79 + 0.01 


Table XXIII. Summary of Crystal Structures and Atomic Volumes 


16.856 + 0.002 


Space Group Structure Type 


MgCuz (C 15) 

O% Pm3m AuCus (L 1») 

P64/mme MgZnz (C 14) 

Or Fm3m Random distribution 
of atoms 

— 14/mmm Random distribution 
of atoms 

Dian P4/mmm AuCu (L Ilo) 

Pm3m AuCus (L 19) 

or Beta tungsten 

Oo% or T% Beta tungsten 

Dia P4/mmm AuCu (L 

Pm3m AuCusy (L 1») 


TRANSACTIONS AIME 


FEBRUARY 1954, JOURNAL OF METALS—225 


_ 
— — — 
4 
a 
| 
. 


crystal structure. ZrHg, is isomorphous with 4 


Ti,Hg. 
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Technical Note 


Observations on Elevated-Temperature Tensile Deformation 


URING the last several years the authors have 
been conducting tests on a tensile machine that 
autographically records load-elongation data. In cer- 
tain tests at elevated temperatures on face-centered 
cubic, hexagonal close-packed, and body-centered 
cubic materials (binary alloys of nickel, zirconium, 
and iron), the load-elongation curve as shown in 
Fig. 1 reaches a maximum load (P,,,..) at relatively 
small amounts of strain and a large amount of elon- 
gation occurs subsequently with a continuously de- 
creasing load, until finally localized necking and 
fracture take place. This early maximum load be- 
havior has been found without the accompanying 
evidence of localized necking as has been assumed 
by some, or of evidence of cracking as observed by 
others.’ This behavior has also been observed by 
Nadai and Manjoine’ whose results are in good 
agreement with ours. The prior strain, strain rate, 
test temperature, and crystal structure affect the 
observations. 

The influence of prior strain was observed in tests 
on unalloyed zirconium at 300°C in which specimens 
containing large amounts of prior strain (cold work) 
exhibited the type of curve shown in Fig. 1. No 
localized necking was observed after strain as much 
as that of point B. Annealed and recrystallized 
specimens of the same material showed a load-elon- 
gation curve with maximum load occurring after 
considerable strain hardening and at the beginning 
of localized necking. Interrupted tests (Fig. 2) show 
no loss in strength because of recovery or recrys- 
tallization during an interval at temperature with- 
out load. Recovery under stress such as found by 
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by R. W. Guard, J. H. Keeler, and S. F. Reiter 
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Fig. 1—Choracteristic early P,,.. tensile curve. (Test at 
300°C on severely cold worked zirconium.) 


Wood and Suiter’ in aluminum is now being investi- 
gated as one possible explanation. 

The strain rate is a contributing variable as shown 
in Fig. 3, a test on high purity nickel. Here the 
strain rate was decreased by a factor of ten during 
a test in which the maximum load was reached at a 
small strain. The slope of the true stress-true strain 
curve was positive with the more rapid strain rate 
and negative with the slower strain rate. 

In many binary ferrites an added effect of tem- 
perature has been observed. Fig. 4 shows the load- 
elongation plots for a binary ferritic alloy contain- 
ing 2 pct Mo. The slope of the small portion of the 
stress-strain curve obtained at a strain rate of 0.01 
min™ changes sign from negative to positive on going 
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Fig. 2—Test showing absence of recovery in early P,,,. test. (Test 
at 300°C on severely cold worked zirconium at a strain rate of 
0.09 min™.) 


from 650° to 870°C, whereas the slope of the major 
part of the curve obtained at a strain rate of 0.1 
min” remained negative throughout. The reasons 
for this behavior have not been clarified at present. 

The effect of crystal structure on the characteris- 
tics of the tensile curve is illustrated in Fig. 5. At 
870°C, both the 1 and 2 pct molybdenum ferrites are 


o1 min” 
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Psi x 10° 


NOMINAL STRESS 


T 


TRUE STRESS x 16° 


i i i i i 4 
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fe} 02 04 06 40 14 “ ‘6 


TRUE PLASTIC 


Fig. 3—High purity nickel annealed | hr at 500°C. Test at 650°C 
showing effect of change in strain rate on slope of flow curve. 


body-centered cubic, while at 980°C, the 2 pct alloy 
is body-centered cubic and the 1 pct alloy is within 
the vy loop and face-centered cubic. The shapes of 
the load-elongation curves for the three body-cen- 
However, 


tered cubic materials are quite similar. 


T T 


oor min” 


0.1 02 o4 


Gt 0s 06 08 02 04 66 08 10 i2 
ELONGATION (IM. 


Fig. 5—Effect of composition and crystal structure on the shape of 
load-elongation curves. Samples elongated at 0.1 min”. 
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0.01 


ELONGATION (IN/IN) 


Fig. 4—Effect of strain rate and temperature on the slope of the load-elongation curve in a 2 pct Mo-98 pct Fe alloy. 


05 06 07 08 


the face-centered cubic material displays a dis- 
tinctly different type curve. 

The characteristics of the “early P,,,,”’ tensile 
curve are dependent upon the strain rate, the test 
temperature, and the material under consideration. 
The general features of the behavior are similar in 
the materials so far investigated, but the details are 
dependent upon the material. 
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System Titanium-Manganese-Molybdenum 


by R. P. Elliott, B. W. Levinger, and W. Rostoker 


Phase equilibria in the Ti-Mn-Mo system have been investigated 


in the composition range 100 to 60 pct Ti and in the temperature 
range 550° to 1150°C. Three out of ten isothermal sections are 
presented as well as seven vertical sections, projections of the beta 


STUDY of the system Ti-Mn-Mo was under- 

taken as part of a program to aid in the develop- 
ment of titanium-base phase equilibrium diagrams 
of potential technical importance to alloy develop- 
ment. The scope of the investigation included the 
composition range 100 to 60 wt pct Ti (all composi- 
tions refer to weight percentages) and the tempera- 
ture range 550° to 1150°C. A surface of incipient 
melting was constructed from measurements of a 
large number of alloys. 

In the binary system Ti-Mo,' the high temperature 
modification of titanium generally spoken of as the 
8 phase is stabilized to successively lower tempera- 
tures with increasing alloy content. There are no 
known intermediate phases, and complete miscibility 
exists between body-centered cubic titanium and 
molybdenum. The a solid solution is limited to less 
than 0.8 pet Mo at temperatures between 885° and 
600°C. 

An equilibrium diagram for the binary system 
Ti-Mn has been published.“ Manganese behaves as 
a B stabilizer but undergoes a eutectoid transforma- 
tion at about 20 pet Mn and 550°C to a plus an inter- 
mediate phase. The structure of this phase has been 
found to be isomorphous with the o phase FeCr.’ 
Accordingly, the phase is assigned the formula TiMn, 
although its actual location on the composition scale 
has not been determined and may well be not exactly 
at the equiatomic composition. In disagreement with 
ref. 2, the origin of the TiMn phase has been shown‘ 
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space and the surface of incipient melting. 


to be a peritectoid transformation at a temperature 
between 900° and 1000°C. A second intermediate 
phase occurs at the atomic proportions TiMn,. The 
structure of this phase was originally established by 
Wallbaum’ as having a hexagonal lattice (C 14 type, 
12 atoms per unit cell) isomorphous with MgZn,. In 
this work, the structure determination was confirmed 
and lattice parameters determined to be: a = 4.815 
kX, c 7.901 kX. 

Because of the extensive range of the 8 phase, the 
ternary system was suited to the determination of 
the phase boundaries by the parametric method of 
Andersen and Jette.” During the course of the in- 
vestigation, this method was found applicable only 
to the B/a+f boundaries but not to 8/8+ com- 
pound boundaries. Metallographic methods were 
used alternatively for delineating these phase 
boundaries. 


Preparation and Treatment of Alloys 


Over 70 alloys were prepared for the study of this 
system. Ten gram alloy buttons were arc melted in 
a nonconsumable electrode furnace using inert at- 
mosphere protection, and a water cooled copper 
crucible. The construction and operation of this 
type of melting unit has been described.’ To insure 
complete solution of alloy additions, especially mo- 
lybdenum, the buttons were remelted alternately 
on top or bottom as many as five times. This was 
accomplished by a suitable mechanism for “flipping” 
the ingots over. 

It was very difficult to obtain homogeneous melts 
in the region of less than 75 pct Ti because of the 
very high melting point of molybdenum and Ti-Mo 
master alloys and the comparatively low boiling 
point of manganese. Thus, the arc conditions for 
insuring complete solution of molybdenum were in- 
compatible with the prevention of heavy losses of 
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qT COMPOSITION CORRECTED BY manganese by volatilization. Accordingly, it was 
© WENT Loss not possible to prepare alloys to predetermined 
@ CHEMICALLY ANALYZED compositions, the approximate uncertainty being 
directly related to the molybdenum content. 

Iodide titanium (~99.97 pct Ti) was used as an 
alloy base. An especially high quality manganese 
(~99.9 pet Mn) was obtained from the National 
Research Corp. Molybdenum sheet (0.003 in.) of 
99.9 pct purity was used. 

Charges were weighed to the nearest milligram 
and the resultant ingot reweighed to the same ac- 
curacy. Average weight losses for iodide titanium 
melts were of the order of 0.02 grams. By careful 
standardization with chemical analyses, it was found 
possible for alloys containing less than 20 pct total 
alloy content to use weight losses to correct nominal 
analyses by assigning all weight losses above 0.02 
grams to manganese. Above 20 pct alloy content all 


50 


Fig. 1—Compositions of alloys for study of the system Ti-Mn-Mo. 
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Fig. 4—Isothermal section at 600°C. 


alloys were chemically analyzed. Adjusted chemi- 
cal compositions of all alloys are shown in Fig. 1. 

Specimens heat treated below 1100°C were en- 

closed in Vycor bulbs. For temperatures in excess 

of 1100°C, quartz bulbs were used. Partial pres- 
4o..—sovsSurres of argon prevented collapse of the bulbs at 
temperatures above 950°C. Bulbs were simply 
Fig. 2—Isoparametric projection of the parametric surface for the =. ,-uated at lower temperatures. Heat treatments 
B phase. were conducted in resistance element tube furnaces 
with temperature control of + 3°C. 

All as-melted alloys were given a preliminary 
homogenization anneal at 1000°C for 24 hr. Homo- 
genized buttons were broken or cut to provide suf- 
ficient specimens for subsequent equilibrium anneals. 
Time schedules for equilibrium anneals are given in 
Table I. 


40 


Examination of Alloys and Analyses of Data 

Lattice parameters of the 8 phase were obtained 
from back-reflection patterns using filtered charac- 
teristic copper radiation (Cu Ka, = 1.5374 kX units). 
Suitable powder specimens were prepared by filing 
or crushing annealed alloys and screening through 


Table |. Annealing Schedules for Attainment of Equilibrium 


Temperature, °C 


Fig. 3—Isothermal section at 550°C. 
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Fig. 5—Isothermal section at 650°C. 


Fig. 6—Projection of the §/a+ and £/8+ compound surfaces. 


Fig. 7—Locus of the eutectoid temperature, based on extrapolations. 
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Fig. 8—Vertical section at 90 pct Ti. 


200 mesh. Annealing was performed by sealing in 
small Vycor tubes and heat treating for about 10 
min at the temperature at which the original speci- 
men was annealed. The powder capsule was then 
vigorously quenched but not broken. Lattice para- 
meters of samples quenched from a 300° range of 
temperature in the £ field were identical. From this, 
it could be concluded that this method of quenching 
was sufficiently rapid to prevent detectable aniso- 
thermal transformation. 

In conjunction with published data for parameters 
of the Ti-Mo' and Ti-Mn* binary systems, lattice 
parameters of the 8 phase as-quenched from the 
single-phase field were used to construct the para- 
metric surface shown in Fig. 2. The graphical 
method of Andersen and Jette’ for the construction 
of the projection of the parametric surface is partic- 
ularly adaptable to selections of alloy compositions 
wherein the proportion of one component is held 
constant. Much of the convenience of construction is 
lost if it is not possible to prepare alloys along pre- 
determined directions within the composition tri- 
angle. Because of the volatility of manganese, this 
proved to be the case for the system under discus- 
sion. The projection of the parametric surface can, 
however, be constructed by somewhat more labori- 
ous means. 


800 T 
80% Ti 


PERCENT MOLYBDENUM 
Fig. 9—Vertical section at 80 pct Ti. 
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Fig. 10—Vertical section at 70 pct Ti. 
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Fig. 12—Vertical section at 10 pct Mn. 


If the resultant compositions of the alloys pre- 
pared are plotted, then by inspection, straight lines 
can be drawn to intersect three or more compo- 
sitions. If the parametric surface is continuous, then 
the trace of the surface on a vertical plane whose 
abscissa is colinear with the composition line will 
be a smooth curve. This curve will permit inter- 
polation of the compositions, giving equal parameter 
values for the isoparametric plot. In practice, one 
of two intersecting traces of the parametric surface 
may be used to improve the accuracy of construc- 
tion of the other. By repeated use of such construc- 
tions, a satisfactory projection of the parametric 
surface can be obtained. 

The 8/a+f boundaries were established by the 
use of the parametric surface and by directing the 
tie-lines from the titanium corner of the composition 
triangle. Since the solubility range of a is extremely 
small, this approximation introduces no significant 
error. 

For a number of reasons it was not possible to use 
the parametric method to establish the 8/B+ com- 
pound boundary. In the first place, with increasing 
manganese content, the diffuse background of dif- 
fraction patterns increased. This made the distinc- 
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Fig. 13—Vertical section at 5 pct Mo. 


tion between TiMn and TiMn, as the compound 
extremely difficult. Secondly, since the actual com- 
position location of TiMn was unknown, it was not 
possible to establish the direction of the tie-lines. 
The £/8+ compound boundaries were constructed 
from metallographic studies. Again, by this method, 
it was not possible to distinguish consistently be- 
tween TiMn and TiMn,. Accordingly, it is felt that 
the definition of more than the boundary of the 
field was likely to be inaccurate. 

It is generally very difficult to measure the liquid- 
us and solidus temperatures of refractory metal 
systems by thermal arrest methods. An approxi- 
mation of the solidus temperature is achieved by the 
use of incipient melting techniques. In principle, 
sharp corners of small specimens are observed to 
round or collapse on heating to a temperature above 
the solidus at which sufficient liquid has formed to 
destroy the ability of the specimen to retain its ex- 
ternal shape. When this observation is made with 
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Fig. 14—Vertical section at 10 pct Mo. 


an optical pyrometer, the temperature at which 
incipient melting occurs can be measured concur- 
rently. Specimens are suspended on a tungsten wire 
in a high temperature vacuum induction furnace. 
The design and operation of this unit have been 
described.’ The incipient melting procedure was 
calibrated against a selection of pure metals with 
sufficiently diverse melting points that the correc- 
tion curve covered the whole range encountered in 
the alloys under study. Thus, all corrections were 
based on interpolations. 


Discussion of Phase Equilibria 
Between 550° and 1150°C the ternary equilibria 
is dominated by the 8 space. Since the eutectoid 
transformation in the binary Ti-Mn system occurs 
below 550°C, it cannot be expected to appear in the 
ternary system in the temperature range under 
study. 
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Fig. 15—Surface of incipient melting. 
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Isothermal sections were constructed at 50°C in- 
tervals between 550° and 850°C, inclusive, and at 
100°C intervals between 850° and 1150°C, inclusive. 
Because of the insuppressible transformation fa’ 
on quenching alloys of low manganese and molyb- 
denum content, it was necessary to determine the 
8/a+f boundaries at 800° and 850°C by metallo- 
graphic methods. Isothermal sections with support- 
ing data for the 550°, 600°, and 650°C levels are 
shown in Figs. 3, 4, and 5. Fig. 6 presents a contour 
plan of the £/a+f and £/8+ compound surfaces. 
Based on extrapolations of vertical section construc- 
tions the probable course of the eutectoid depression 
is presented in Fig. 7. 

Experimentally determined isothermal sections 
have been used to construct vertical sections along 
selected directions in the composition triangle. These 
in turn have been used to adjust the boundaries in 
the isothermal sections within the latitude permitted 
by the data. By such repeated constructions all of 
the experimental data are used to define the phase 
boundary surfaces. Phase boundaries in Figs. 3, 4, 
and 5 have been adjusted in this fashion. Vertical 
sections at 90, 80, and 70 pct Ti; 5 and 10 pct Mn; 
and 5 and 10 pct Mo are shown in Figs. 8 to 14, 
inclusive. 

The incipient melting measurements for 30 alloys 
were used to construct the projection of the surface 
of incipient melting shown in Fig. 15. The method 
of construction was exactly the same as used to con- 
struct the parametric surface. It is likely that alloys 
on the high manganese side gave somewhat higher 
melting points because manganese was observed to 
be volatilizing from the surface of these specimens 
during the incipient melting experiments. 


Summary 

1—The ternary equilibria of the Ti-Mn-Mo sys- 
tem have been investigated in the composition range 
100 to 60 pct Ti and over the temperature range 
550° to 1150°C. 

2—The bounding surfaces 8/a+f and B/8+ com- 
pound have been determined in this region. 

3—A surface of incipient melting has been con- 
structed. 

4—The lattice parameters of the 8 phase have 
been used to construct a parametric surface. 
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Constitution and Properties of Ag-Cu-Zn Brazing Alloys 


by Karl M. Weigert 


The position of the three-phase field between the alpha and the 
beta phases was established. The exact location differs from previ- 
ous assumptions. The extremely high strength and hardness values 
were found near the phase boundaries of the ternary compositions. 


N 1929, Ueno’ investigated vertical sections of the 

Ag-Cu-Zn diagram at constant silver and zinc 
values. From the evaluation of cooling curves and 
microscopic studies, he concluded that there was no 
evidence of a three-phase field in the solid state 
between the a and £ fields. The failure to find evi- 
dence for this field was due to the fact that it exists 
only in a very narrow range of compositions and 
requires special methods of heat treatment to estab- 
lish phase equilibrium. 

In a later publication on the same subject Keinert’ 
rearranged Ueno’s diagrams to conform with the 
basic phase rules. The existence of a three-phase 
field was postulated in the solid state between the a 
phases and the homogeneous § phase between the 
Cu-Zn and the Ag-Zn binary border systems. The 
approximate location was based on a few micro- 
scopic observations of the structure and it was 
pointed out that the exact position could be deter- 
mined only by a larger number of experiments. 

In the twenty years following these investigations 
alloys of Ag-Cu-Zn have become of general interest 
due to various technical applications, principally for 
brazing. In the course of an overall investigation of 
the physical properties of ternary Ag-Cu-Zn alloys 
the author found extremely high values of hardness 
and strength in alloys of compositions between the 
a and the £ fields. The exact location of the inter- 
mediate phase fields was established by the evalu- 
ation of more than a hundred cooling curves and 
microscopic mountings. 


Experimental Procedures 
Preparation of Test Samples: At the beginning of 
the investigation samples were chillcast into % in. 
diameter iron molds to determine hardness, strength, 
and the mechanism of primary crystallization. These 
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Fig. 1—30 pct Ag-40 pct Cu-30 pct Zn alloy heat treated at 
600°C for 10 hr. X300. 


Fig. 2—Horizontal section through the Ag-Cu-Zn diagram at 600°F. 
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Fig. 30—Vertical section through the Ag-Cu-Zn diagram at 


10 wt pet Ag. el 
Zn % 
samples were not particularly suited for micro- 1?) 10 20 


scopic studies of the solid transformations. 
The preparation of test samples for studies at dif- 
ferent temperatures in the solid state was done in 


Fig 3b—Vertical section through the Ag-Cu-Zn diagram at 
20 wt pct Ag. 
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Fig. 3e—Vertical section through the Ag-Cu-Zn diagram at 
50 wt pet Ag. 


the following manner: In cylindrical brass pieces 1 
in. diameter and 1% in. high, up to 15 holes were 
drilled lengthwise down to within % in. of the 
bottom. Precast sample pieces of varying compo- 
sitions were inserted into the holes, reaching almost 
to the top. After applying flux, the whole block was 
heated until the samples were melted down and 
then was air cooled slowly so that large crystals 
would form. Then sections of the block were cut off, 
after polishing and examining the structure. The 
remainder could be heat treated at various temper- 
atures and eventually more sections could be put 
aside. Among the advantages of this procedure are 
the following: 

No special mounting equipment is required. Many 
samples, representing a whole section of a diagram 
can be processed simultaneously, assuring the same 
kind of heat treatment. Changes in the structure 
can be examined from time to time, and the heat 
treatment can be interrupted when equilibrium has 
been established. The etching of alloys mounted in 
metals is much faster, due to local potentials. Relia- 
ble hardness tests can be conducted on the surface. 

Identification of Phases: Conventional etching 
solutions were used, e.g., 10 pect ammonium persul- 
phate with occasional additions of potassium cya- 
nide, ammonia and hydrogen peroxide. The identi- 
fication of the a phase near the copper side was very 
easy. Good phase contrast for the 8 phase against 
the primary copper crystallization and the silver- 
rich eutectic could be achieved by the use of ferric 
chloride and cuprous ammonium chloride solutions. 
The primary £ crystals on the silver-rich side were 
somewhat difficult to etch. The grain boundaries 
could be brought out with nital solutions. The struc- 
tures of the a and £ fields have been reported. 
Therefore only a typical example of the structure of 
the three-phase field is shown, Fig. 1. At a compo- 
sition of 30 pct Ag-40 pct Cu-30 pct Zn, the primary 
crystallization consists of large copper dendrides. At 
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Fig. 3f—Vertical section through the Ag-Cu-Zn diagram at 
60 wt pet Ag. 


1235°F the melt reacts with the copper-rich a crys- 
tals in a peritectic four-phase reaction to form a 
silver-rich phase and some £ crystals. The color of 
the copper crystals is light brown and the silver-rich 
phase remains white. The § phase varies consider- 
ably in color from yellow to very dark brown. The 
elongated £ crystals can be easily distinguished from 
the rather round a copper dendrides. 

All the alloys were reheated for 5 hr at 1200°F 
and quenched in water. In order to observe the 
phase formation at lower temperatures the samples 
were aged up to 100 hr at 600°F, until phase equi- 
librium was established. 

Location of Phase Fields—Horizontal Sections: 
The horizontal section at 600°F is comparable to the 
one proposed by Keinert’ at a low temperature, Fig. 
2. The positions of the corner points of the three- 
phase triangle are given in Table I. 

The relocation of the three-phase field toward 
higher zinc values conforms with the findings of 
high values of strength and hardness of alloys with 
compositions located in the range of the intermedi- 
ate phases between the a and £ fields. This will be 
shown in the investigation of physical properties. 

Vertical Sections: The vertical sections of the 
ternary diagram were re-examined and the bound- 
aries of the liquid and partly liquid phases located 


Table |. Position of Corner Points in Three-Phase Triangle 


Compas Silver 
Side, Side, Side, 
B, Wt Pet C, Wt Pet 


Keinert 
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Fig. 4c—Shear strength of the as-cast alloys. 


by evaluating conventional cooling curves taken 
with a Leeds and Northrup micromax recorder. The 
location of the solid phase boundaries was found 
from microscopical structure determinations. The 
results have been compiled in Fig. 3a to f. 

10 pet Silver Section, Fig. 3a: The liquidus re- 
sembles the Cu-Zn diagram at slightly lower tem- 
peratures. Three narrow three-phase fields were 
identified: 

1—The Cu + Ag + L field extending from the 
eutectic point “E” at 0.0 wt pct Zn (779°C) to the 
solidus four-phase plane “S” at 36 wt pct Zn 
(680°C). 

2—The Cu + 8 + L field extending from the 
peritectic point “P” at 40 wt pct Zn (850°C) to the 
solidus four-phase plane at 36 wt pct Zn (680°C). 

3—The Cu + Ag + 8 field extending from the 
four-phase plane at 36 wt pct Zn (680°C) to lower 
temperatures. 

The locations of the solid and liquid two-phase 
fields were corrected and details worked out near 
the peritectic point “P.” The melting range ASTM 
Fig. 4e—Density of the as-cast alloys. grade No. 1 (ref. 3) checks with the diagram. 
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20 Pct Silver Section, Fig. 3b: The diagram is 
similar to the 10 pct section. It can be seen that 
“P,” the origin of the peritectic reaction, shifts to 
the higher zinc values. The melting range data of 
the alloy ASTM grade No. 2 (ref. 3) are also in 
good agreement with the diagram. 

30, 40, and 50 Pct Silver Sections, Fig. 3c, d, and 
e: Details of the shifting of the peritectic point 
“P” and the narrowing of the distance between this 
point and the four-phase plane can be seen in the 
diagrams. This is also in agreement with the ASTM 
grade alloys No. 11, 12, 4, and 5. 

60 Pct Silver Section, Fig. 3f: The four-phase 
plane reaches a temperature as low as 650°C and 
the distance between this plane and the peritectic 
point “P” is only 10°C. The fact that the liquidus 
goes through a minimum has sometimes been mis- 
interpreted as the existence of a ternary eutectic 
point.‘ 

Selection of ASTM Grade Brazing Alloys: A 
glance at the position of the ASTM grade alloys in 
the phase diagrams reveals common features which 
are too obvious to be accidental. Grades 1, 2, 4, 5, 
11, and 12 show high strength and a narrow melting 
range. The grades 5, 6, 7, 8, and 13 offer high duc- 
tility combined with limited fluidity, desirable fea- 
tures in certain brazing operations. A description 
of the brazing properties of the alloys will be pub- 
lished elsewhere.” 


Physical Properties of the Ternary Alloys 


Brinell Hardness of Cast Samples, Fig. 4a: Hard- 
ness values were determined on the chill-cast sam- 
ples on a superficial Rockwell tester and converted 
by a conventional scale to Brinell hardness num- 
bers. Superficial hardness measurements are pref- 
erably used on small precious metal pieces to simu- 
late casting conditions prevailing in joints of 0.005 
to 0.010 in. thickness. No difference in hardness 
values could be found on the outside or inside of 
castings up to 1 in. in diameter. 

It would be out of the scope of the investigation 
to explain the small discrepancies in the conversion 
of Rockwell to BHN values. It simply amounts to 
the question of whether or not the increase in depth 
corresponds to the increase of the diameter of the 
indentation. Also the BHN values of different cast 
samples might vary from 5 to 10 points. The Rock- 
well readings were checked against a calibration 
curve measuring the diameter of the indentation on 
a microscope scale corresponding to the evaluation 
of the Brinell method. There were no disturbing 
embossing or springback effects noticeable. 

The hardness of the alloys in the a field varies 
between 100 to 150 BHN, increasing with the zinc 
content. The 8 phase reaches hardness values of 
200 to 300 BHN. A maximum of hardness at high 
silver content occurs at the composition 55 wt pct 
Ag-30 wt pct Zn-15 wt pet Cu. Another maximum 
in the brittle y field lies outside of the scope of this 
investigation. 


Tensile Strength of the Alloys, Fig. 4b: Rods of 
5 in. length and 0.25 in. diameter were used to de- 
termine the tensile strength of the alloys. Some 
difficulty was encountered in the vicinity of the 
ternary compositions due to slipping and mashing 
of the ends of the extremely hard rods. The tensile 
strength of 30,000 to 60,000 psi in the a field is in 
agreement with data previously reported.’ For the 
compositions of 25 to 30 wt pct Ag, 35 to 45 wt pct 
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Fig. 5—Compositions of samples investigated. 


Cu, and 32 to 35 wt pct Zn, the tensile strength 
reaches its maximum and was found to vary be- 
tween 80,000 to 100,000 psi. The average accuracy 
of the test was of the order of 10 to 20 pet. 

Shear Strength Tests on the 0.25 In. Rods, Fig. 4c: 
The distribution of shear strength values over the 
ternary system was found to be similar to the one 
of the tensile strength. The shear strength is in 
most cases about one-half of the tensile strength. 
The rods were sheared off by the motion of a plate 
sliding between two plates on the outside, moving 
in opposite directions, a method used for testing 
rivets. 

Elongation of Rods, Fig. 4d: The high elongation 
values in the a field are an indication for good cold 
workability. Elongation (2 in. gage length) and 
cold workability decrease rapidly toward the ~ 
phase field. 

Density of the Ternary System, Fig. 4e: A density 
diagram ends the list of physical properties. Suffi- 
cient literature information was available to plot 
this chart. 

Compositions of the samples 
plotted in Fig. 5. 


investigated are 
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System Zirconium-Oxygen 


by R. F. Domagala and D. J. McPherson 


lodide zirconium was combined with calculated amounts of ZrO. 
or master alloys and arc-melted. Annealing treatments were carried 
out at 21 temperature levels. Metallographic examination of the 
heat treated specimens permitted construction of the binary phase 
diagram from zirconium to ZrO... Oxygen additions to zirconium 
raise the transformation temperature as well as the melting point. 
Features of the diagram include the peritectic formation of beta, 
the formation of alpha directly from the melt, an intermediate phase 
ZrO. with a range of homogeneity, and a eutectic between alpha 


and ZrO,. 


HASE relationships in the Zr-O system were de- 

termined in the range 0 to 66.7 atomic pct O 
(ZrO,). Arc-melted alloys were annealed at tem- 
perature levels between 600° and 2000°C. Deter- 
mination of the phase boundaries was accomplished 
by metallographic evaluation of specimens quenched 
from the various temperatures. Incipient melting 
techniques were used to determine solidus curves, 
and X-ray diffraction work was employed to study 
the lattice parameters of the a solid solution and the 
phase ZrO,,. 

Experimental Procedures 

Westinghouse “Grade 1” iodide zirconium crystal 
bar (approximately 99.8 pct pure) was employed 
for the investigation. This material is substantially 
free of the impurity inclusions characteristic of most 
zirconium metal. Previous work has shown it to be 
the most satisfactory grade for phase diagram 
studies. 

The zirconium crystal bar, as-received, was coated 
with corrosion product from autoclave tests by which 
its grade designation is determined. The bars were 
sand blasted lightly, pickled for 1 min in a 20 pct 
HNO,-5 pct HF aqueous solution, rinsed in water 
and acetone, and dried. The bars were rolled to 
about 1/32 in. strip, cut into 10 in. lengths, and 
pickled again. The material was sheared to approxi- 
mately % in. squares, cleaned with acetone, and 
stored for use. 

Two pounds of specially prepared “chemically 
pure,” and 100 grams of spectrographic grade ZrO, 
were obtained for the preparation of alloys. The 
“Specpure” ZrO, was obtained from Johnson, Mat- 
they Co., Ltd., and Titanium Alloy Manufacturing 
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Table |. Analyses of Zirconium Dioxide 


Specially Specially 
Prepared C.P. Prepared C.P. 
Impurity (Pewder), PPM Impurity (Pewder), PPM 


8 | 
| 


The spectrographic analysis of the “Specpure” ZrO». showed the 
sensitive lines of hafnium, silicon, calcium, copper, and iron to be 
faintly or barely visible with no other lines observed. 


Div. of National Lead Co. supplied the other grade 
of oxide. The “chemically pure” material (hence- 
forth referred to as C.P. ZrO.) was used for the 
preparation of all alloys employed in the determi- 
nation of phase relationships. A limited number of 
alloys were prepared with the “Specpure” oxide to 
recheck certain phase boundaries. Analyses of the 
two grades of oxide are given in Table I. 

The C.P. ZrO, was received in powder form, not 
suitable for arc melting. Therefore, this material 
was compressed to wafers 1 in. in diameter and 
about % in. thick. These were segmented and stored 
for use. The “Specpure” material, in the form of 
small granules, was suitable for use in the as- 
received condition. 

A nonconsumable electrode arc-melting furnace 
was used to prepare alloys. A water-cooled copper 
crucible and tungsten-tipped electrode were em- 
ployed. The material was placed in the crucible 
and rapidly melted under a protective atmosphere 
of helium gas by striking the arc on a tungsten 
stud and directing it upon the charge material. De- 
tails of operation, including drawings of this type 
furnace, have been published.’ 
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Two 75 gram master alloy ingots containing 15 
pet O and three containing 20 pct O were prepared 
by arc melting calculated amounts of compressed, 
C.P. ZrO, powder with zirconium. The ingots were 
melted, inverted, and remelted twice without open- 
ing the furnace. The ingots having a given oxygen 
content were then broken, combined, divided into 
75 gram lots, and remelted. This process of break- 
ing and combining ingots was repeated once more. 
After the third melting operation, macroexamina- 
tion and microexamination of the ingots showed 
them to be completely homogeneous. The ingots 
were then crushed and screened; particles of —4 
+20 mesh were reserved for alloy charging. The 
reason for using master alloys was twofold. First, 
the necessity of handling fragile compacts of ZrO, 
powder for every alloy was precluded. Second, the 
melting times and power levels necessary to pro- 
duce completely homogeneous ingots were reduced. 

For the phase diagram study, 20 gram ingots were 
made by combining carefully weighed amounts of 
master alloy with zirconium and arc melting. Alloys 
containing up to 5.5 pct O were prepared using the 
15 pet master alloy, while the 20 pct master alloy 
was employed for alloys containing from 6.0 to 12.5 
pet O. Alloys of higher oxygen content were made 
directly from compressed ZrO, powder and zirconi- 
um. All of the alloys were melted a total of four or 
five times. 

A set of alloys was also made utilizing “Specpure” 
ZrO,. For this work a master alloy containing 5 pct 
O was first prepared following the technique out- 
lined above. 

Before the regular isothermal annealing treat- 
ments were carried out, certain alloys were homo- 
genized and cold worked to hasten the approach to 
equilibrium during the anneals. Specimens suitable 
for use were then prepared by sawing (for only the 
very dilute oxygen alloys), or breaking the ingots. 

Samples were sealed in either Vycor or quartz 
bulbs for isothermal annealing treatments up to 
1500°C. Anneals up to this temperature were car- 
ried out in resistance-type, porcelain tube furnaces 
having a temperature contro! of +3°C. Specimens 
were quenched at the conclusion of an anneal by 
rapidly withdrawing the bulb from the furnace and 
breaking it under water. 

Inasmuch as oxygen additions to zirconium raise 
its melting point as well as its transformation point, 
important phase boundaries had to be delineated 
at temperatures well above the maximum operating 
temperatures of the porcelain tube furnaces. The 
vacuum resistance furnace constructed for these an- 
neals is shown in cross section in Fig. 1. Funda- 
mentally, the furnace is a modification of a unit 
designed by McRitchie and Ault.’ The heater ele- 
ment is a split cylinder of 0.005 in. thick molybde- 
num sheet, held in place by removable copper con- 
tacts (Items No. 6, 12 and 18 in Fig. 1). The top 
and bottom of the furnace are at different electrical 
potentials, and are insulated by an “O” ring (No. 
17, Fig. 1). This ring also serves as a vacuum seal. 
The top and bottom covers are held in place by an 
interrupted thread arrangement and clamping de- 
vice, respectively. “O” rings are provided to make 
these seals vacuum tight. 

Four cylindrical radiation shields within the fur- 
nace increase the maximum operating temperature. 
The shields are formed from 0.005 in. thick sheet; 
the innermost being tantalum, while the remaining 
three are molybdenum. Specimen-supporting tung- 
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Fig. 1—High temperature vacuum resistance furnace. 


sten wires are hung axially in the furnace from a 
fork attached to a horizontal, off-center shaft (No. 
4, Fig. 1). Quenching is accomplished by rotating 
the shaft, thus allowing the specimens and wire to 
fall into the bottom chamber. The brass shell and 
the copper contacts are cooled by water flowing 
through 4 in. copper tubing and water chambers, 
respectively. Sight ports at the top and side of the 
furnace permit observation of the specimen temper- 
ature during heating. 

Power is supplied to the heater through bus bars 
attached to the top and bottom portions of the fur- 
nace. A 13 kw Powerstat, operating off a 220 v line, 
controls the power supplied to a 15 kw step-down 
transformer. The transformer transmits current to 
the furnace at 0 to 10 v. The furnace is evacuated 
to a pressure below 0.1 micron, (1x10* mm of Hg). 
Prior to annealing runs, a correlation of optically 
measured vs true temperatures was made. The opti- 
cally measured melting points of nickel and plati- 
num were plotted against the accepted values. The 
melting point of zirconium was then determined on 
a basis of the calibration curve and was found to 
average 1845°C, about 7°C lower than the average 
value previously determined in a vacuum induction 
furnace, but within the estimated range of experi- 
mental accuracy. 

Anneals were conducted by suspending the sam- 
ples in the center of the furnace and slowly heating 
to temperature. Although very rapid heating rates 
were possible, the specimens were brought to tem- 
perature in about 15 min. The desired annealing 
temperature was maintained for 5 to 10 min, and 
then the specimens were dropped to the bottom of 
the furnace and the power was shut off simultane- 
ously. Temperature control during annealing treat- 
ments was + 10°C. 
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Fig. 2—Expanded diagram of the zirconium-rich region of the 
Zr-O system. 


The vacuum induction furnace used to aid in out- 
lining the solidus curves for this system has been 
described.’ Specimens supported on tungsten wires 
are rapidly heated until visible melting occurs; then 
samples of the same alloy content are quenched 
from successively lower temperatures. By metallo- 
graphic evaluation of the resulting structures, the 
solidus curve is determined. 

The method employed for determination of oxy- 
gen in zirconium was substantially that of Read and 
Zopatti.” Hydrogen chloride gas freshly generated 
by reacting sulphuric acid and sodium chloride is 
dried, purified, and passed over the alloy. The zir- 
conium is volatilized as a chloride and carried away 
in a stream of helium gas. The oxygen in the alloy 
remains, combined with zirconium as ZrO,. The 


Table I. Summary of C.P. Zr-O Alloys 


Intended 
Oxygen, 
Wt Pet 


Analyzed 
Oxygen, 
Wt Pet 


Analyzed 
Oxygen, 
Wt Pet 


Intended 
Oxygen, 
Wt Pet 


0.027 
0.31 
0.47 
0.62 
0.89 
10 


7.0 
8.0 
9.0 
9.9 


SON 


a 


SOS 


ao uo 


a 


reaction is carried out at 400° to 600°C in platinum 
crucibles. 

The accuracy of analysis by this method is be- 
lieved to be good. Checks made on an alloy of a 
given oxygen content always yielded the same re- 
sults, and in every case agreement with nominal 
compositions was excellent. 


Results and Discussion 

Fifty-six alloys based on C.P. ZrO, were prepared 
for the study of phase relationships in this system. 
A complete tabulation of these alloys, with analyses, 
is given in Table II. Similar data for alloys based 
on “Specpure” ZrO, are presented in Table III. All 
compositions were not prepared with the higher 
purity oxide due to the limited quantity available. 
Alloys containing 0 to 7.5 pct O were homogenized 
at 1200°C for 48 hr prior to annealing treatments. 
Alloys were cold rolled before annealing when pos- 
sible. The amount of reduction accomplished de- 
creased from 70 pct for the 0.1 pct O alloy to 3 pet 
for the 0.8 pct O alloy. It was not possible to cold 
work alloys containing more than 0.8 pct O. 

The results of analyses illustrate that the ana- 
lyzed compositions were in excellent agreement 
with the intended compositions. Within the accu- 
racy of the analytical techniques employed, it can 
be said that the nominal compositions are correct to 
within + 0.1 pet O in the dilute alloy region and 
well within +0.5 pct O in the oxygen-rich alloys. 
Weight loss measurements made on many of the 
ingots after arc melting also indicated that the true 
compositions must be very close to the intended 
compositions. 

The phase diagram has been constructed on a 
basis of the intended oxygen contents of the alloys. 
The accuracy of phase boundary delineations, there- 
fore, is at least as good as the accuracy of compo- 
sitions given in Tables II and III. 

In order to determine times necessary to approach 
equilibrium during isothermal annealing, prelimi- 
nary treatments were made. Alloys containing 0.3, 
2, 4, 7, and 10 wt pct O were annealed for three 
different times at 800°, 1000°, and 1200°C. Metallo- 
graphic examination of these samples showed no 
change in the relative amounts of phases after 150, 
75, and 15 hr at 800°, 1000°, and 1200°C, respec- 
tively. These data were extrapolated to determine 
appropriate annealing times at all temperature 
levels employed for this study. 

Anneals of alloys based on C.P. ZrO, were carried 
out at 21 temperature levels between 605° and 
2000°C. Table IV presents a tabulation of the tem- 
peratures and times of annealing together with the 
number of specimen compositions treated at each 
temperature. A control sample of unalloyed zir- 
conium was included with each annealing treatment 
from 605° to 1800°C. 


Table I. Summary of “Specpure” Zr-O Alloys 


Intended 
Oxygen, 
Wt Pet 


Analyzed 
Oxygen, 
Wt Pet 


Intended 
Oxygen, 
Wt Pet 


Analyzed 
Oxygen, 
Wt Pet 


0.80 
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Partial diagrams of the Zr-O binary system, based 
on weight percent, are presented in Figs. 2 and 3. 
The former figure is an expanded diagram of the 
zirconium-rich region, while the latter presents the 
phase relationships up to ZrO,. These are docu- 
mented with most of the metallographic data points 
necessary for construction of the diagram. 
Metallographic evidence substantiating the place- 
ment of various phase boundaries and temperature 
horizontals is presented in the following micro- 
graphs.* Figs. 4 and 5 show a transformed £8 and an 


* The composition values given in the discussion of structures 
refer to weight percent. The etchant employed was 20 pct HF, 20 
pet HNO, in glycerine. 


a + transformed £8 structure observed in 0.3 and 0.4 
pet O alloys, respectively, quenched from 1100°C. 
The positioning of the a + £/a boundary at the 
same level was based on the a + £8 and a structures 
found in alloys containing 1.75 and 2.25 pct O, Figs. 
6 and 7, respectively, also quenched from 1100°C. 
Figs. 8 and 9 show 100 pct a and a + ZrO, structures 
of specimens containing 6.0 and 7.0 pct O, respec- 
tively, quenched from the same temperature. 

Micrographs of specimens quenched from 1600°C 
are presented next. An alloy containing 1.0 pct O 
(Fig. 10) is seen to be transformed £, while at 1.5 
pet O (Fig. 11) an a + transformed £ structure is 
observed. Samples containing 3.0 and 3.5 pct O are 
shown in Figs. 12 and 13. The 3 pct composition is 
mostly a phase with “bars” of residual transformed 
8, while at 3.5 pct O the structure is 100 pct a. The 
a/a + ZrO, boundary is positioned at 1600°C by the 
micrographs of Figs. 14 and 15, 6.5 and 7.0 pct O 
alloys, respectively. The former is all a while the 
latter is two phase, a + ZrO,. 

It was interesting to note that the retained 8 
structure was not observed in any alloy, regardless 
of its thermal history. 

Due to the slightly slower cooling rate of samples 
quenched from very high temperatures in the vacu- 
um resistance furnace, some difficulty was encoun- 
tered in the interpretation of microstructures across 
the B/a + 8 boundary. The resulting coarseness of 
the 8 transformation product made it difficult to 
distinguish all-8 structures from those containing 
some isothermal a. The difficulty was limited to this 
single high temperature region, and with the help 
of other data, the boundary placement is believed 
accurate to at least + 0.25 pct O. 


Table IV. Annealing Schedule of C.P. Zr-O Alloys 


Tempera- Time, No. of Compeo- 
ture, °C ur sitions Treated 

2000 9 
1950 ° 6 
1930 ° 3 
1920 0.1 1 
1910 bd 3 
1885 0.1 20 
1800 0.1 18 
1700 0.1 20 
1600 0.1 21 
1500 0.25 40 
1398 1 44 
1308 5 19 
1204 16 33 
1100 40 32 
1003 70 30 

947 90 32 

898 100 30 

849 125 33 

800 150 24 

700 305 28 

605 500 25 
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The B/a + B and a + £/a boundaries were 


checked by examining “Specpure” alloys annealed 
and quenched from 1000°, 1200°, and 1400°C. Struc- 
tures identical to those found in the C.P. alloys were 
observed in every case. Because of this agreement, 
no additional checks were made on boundaries de- 
lineated with alloys based on C.P. ZrO,. 

The location of boundaries in the dilute alloy 
region in the vicinity of the solidus is shown by the 
microstructures of the next series of samples. Fig. 
16 shows a 1.25 pct O sample quenched from 1885°C. 
Transformed £ phase plus signs of melting are evi- 
dent here. A 1.75 pet O alloy, annealed at the same 
level, is 100 pct transformed £ with no signs of melt- 
ing, Fig. 17. A 2.25 pet O alloy also annealed at 
1885°C, Fig. 18, consists of two phases, a + trans- 
formed £. 

The placement of the peritectic temperature is 
supported by the structures of Figs. 19 and 20. In 
both figures a 3 pct alloy is shown. Fig. 19 illustrates 
the a + A structures found at this composition when 
quenched from 1930°C, while the following figure 
shows the indications of melting observed when the 
specimen is quenched from 1950°C. 

Figs. 21 and 22 show structures observed in alloys 
containing 1.0 and 1.5 pct O, respectively. The for- 
mer sample was quenched from 1930°C; £ plus signs 
of melting are evident. The latter alloy was 
quenched from 1960°C; here primary dendrites of 
a have appeared on re-solidification. These struc- 
tures position the composition of the peritectic liquid 
between 1.0 and 1.5 pct O and also add supporting 
evidence to the placement of the temperature of the 
peritectic reaction. 

The maximum extent of the a + £ field and the 
composition of a solid solution which enters into the 
peritectic reaction are confirmed by the microstruc- 
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Fig. 4—0.3 pct O alloy quenched from 1100°C. 
Transformed f solid solution. Etched. X250. 
x250. 


Fig. 7—2.25 pet O alloy quenched from Fig. 8—6.0 pct O alloy quenched from Fig. 
1100°C. An all @ structure. Etched. X500. 


1100°C. A veined all a structure. Etched. 
Polarized light. X250. 


We 


1600°C. Coarse transformed 9. Etched. X250. 
Etched. X250. 


tures of a 4.0 pct O alloy shown in Figs. 23 and 24. 
Fig. 23 is the microstructure of this alloy quenched 
from 1950°C; an a@ structure is present. Signs of 
melting in the a are seen in this alloy when 
quenched from 2000°C, Fig. 24. 

The maximum at 5.5 pet O and 1975°C is verified 
by the sequence of structures in Figs. 25 to 28. Fig. 
25 is a 5 pct O alloy quenched from 1950°C, while 
Fig. 26 shows the same alloy quenched from 2000°C. 
The former is 100 pct a, while the latter has signs of 
melting in addition to the a phase. The structures of 
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Fig. S—0.4 pct O alloy quenched from 1100°C. Fig. 
Isothermal a plus transformed 8. Etched. 
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Fig. 10—1.0 pct O alloy quenched from Fig. 11—1.5 pct O alloy quenched from Fig. 12—3.0 pct O alloy quenched from 


1600°C. Transformed § plus isothermal a. 


A 


6—1.75 pct O alloy quenched from 
1100°C. a plus last traces of transformed £. 
Etched. X250. 


9—7.0 pct O alloy quenched from 
1100°C. A two-phase, a + ZrO, structure. 


1600°C. plus “bars” of transformed 
Etched. X200. 


Figs. 27 and 28 show a 6.5 pct O alloy quenched 
from 1885° and 1950°C, respectively. The presence 
of all @ and a plus signs of melting, respectively, 
serves to position the solidus curve at another com- 
position. 

Fig. 29 shows the eutectic structure of an as-cast 
alloy cortaining 11.0 pct O. The structures of Figs. 
30 and 31 show a 15.0 pct O alloy quenched from 
1885° and 1990°C, respectively. The latter shows the 
appearance of melting characterized by the spheroi- 
dization of the a entrapped in the ZrO, dendrites, 
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light. X250. light. X250. 
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ing. Compare with the normal transformed § Etched. X250. 
structure of Fig. 17. Etched. X250. 


and the general loss of shape of the dendrites. The 
former structure characterizes the appearance of 
unmelted, hypereutectic alloys. 

The nonexistence of a phase ZrO (14.9 wt pct, 
50 atomic pct O) is confirmed by the micrographs 
of the 15 pct O alloys described above at high tem- 
peratures and at lower levels by Fig. 32. A 15 pct 
O alloy is shown quenched from 700°C. Only the 
phases a and ZrO, are seen, which refutes the possi- 
ble peritectoid formation of ZrO. In the course of 
the investigation, no single piece of evidence was 
found which could be construed as evidence for the 
existence of ZrO. 

A series of four micrographs illustrating the mis- 
cibility range of ZrO, is shown in Figs. 33 to 36. Fig. 
33 is a 23 pct O alloy annealed and quenched from 
1885°C. At this composition, a two phase a + ZrO, 
structure is seen. The a at the grain boundaries is 
isothermal, while the a striations within the grains 
appear to be the result of an unsuppressible rejec- 
tion on cooling. At 24 pct O, and 1885°C (Fig. 34), 
ZrO, may be seen with only anisothermal a stri- 
ations as before. The decrease in the miscibility 
range with decreasing temperature is illustrated in 
the structure of Fig. 35, a 25 pct O alloy quenched 
from 700°C. The two phases a +ZrO, are present, 
as in the 23 pct O alloy quenched from 1885°C. 
There is a notable decrease in the number of stri- 
ations at this composition. Fig. 36 is a 26 pct O alloy 
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Fig. 13—3.5 pct O alloy quenched from Fig. 14—6.5 pct O alloy quenched from 


1600°C. 100 pet a. Unetched. Polarized 1600°C. 100 pct a. Unetched. Polarized 


15—7.0 pct O alloy quenched from 
1600°C. plus particles of Unetched. 
X250. 


Fig. 16—1.25 pct O alloy quenched from Fig. 17—1.75 pct O alloy quenched from Fig. 18—2.25 pct O alloy quenched from 


1885°C. Transformed § plus signs of melt- 1885°C. 100 pct transformed 8. No melting. 1885°C. Two phases, a plus transformed {. 


Etched. X250. 


at 1885°C and the striation-free single-phase ZrO, 
The absence of markings in stoichio- 
metric ZrO., quenched from all temperatures, fur- 
ther supports the decreasing miscibility range of the 
phase and precludes the possible association of the 
markings with polymorphy in ZrO,,. 

In addition to the data points obtained from the 
high temperature heat treatments for positioning the 
solidus line, limited additional data from quenches 
in the incipient melting furnace generally confirmed 
the curve. Table V is a summary of the data ob- 
tained in this way. Most of the information given 
here was plotted on the diagrams. 

To investigate the possible change in composition 
of alloys treated at high temperatures in the vacuum 


nee 


(stoichiometric ZrO,). This sample had been treated 


Table V. Incipient Melting Data 


Melting 
Observed, °C 


1920 


2310 (visible melting) 
2390 ‘visible melting) 
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Fig. 193.0 pct O alloy quenched from Fig. 20—3.0 pct O alloy quenched from Fig. 21—1.0 pct O alloy quenched from 


1930°C. An plus transformed structure. 
Compare with Fig. 20. Etched. X250. 
Etched. X250. 


Fig. 22-15 pct O alloy quenched from Fig. 23—4.0 pct O alloy quenched from 
1950°C. An all « structure with no signs of 2000°C. a plus signs of melting. Etched. 


1960°C in the incipient melting furnace. 8 


1950°C in the incipient melting furnace. 
Signs of melting in the « + § structure. dendrites formed in the melted regions. Com- 


1930°C. 9 plus signs of melting. No a 


pore with Fig. 22. Etched. X150. 


Fig. 24—4.0 pct O alloy quenched from 


plus signs of melting. At this composition a melting. Compare with Fig. 24. Unetched. X150. 


dendrites formed on solidification of the Polarized light. X150. 


melted regions. Unetched. Polarized light. 
X250 


Fig. 25—5.0 pct O alloy quenched from Fig. 26—5.0 pct O alloy quenched from Fig. 27—6.5 pct O alloy quenched from 


1950°C. An all a structure. Unetched. 2000°C. a plus signs of melting. Unetched. 
Polarized light. X200. 


Polarized light. X250. 


furnaces, four samples were selected, heated to just 
below the solidus, and quenched. Analyses were 
obtained for the oxygen concentration and the 
values were found to fall within + 0.1 pet O of the 
original analyses. The samples chosen for this study 
nominally contained 3.0, 5.0, 8.0, and 15.0 pet O. 
The variation of lattice parameters of the a phase 
with oxygen content was determined from 16 alloys 
containing 0 to 33 atomic pct O (0 to 8 wt pct). 
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1885°C. 100 pct a. Unetched. Polarized 
light. X250. 


Alloys for the study were annealed at and quenched 
from 1000°C. The unit cell is expanded by an aver- 
age value of 0.0016 kX per atomic pct oxygen in the 
“C” direction and by only about 0.0004 kX per 
atomic pct oxygen in the “a” direction. The expan- 
sion in the “C” direction compares to 0.0043 kX in 
the analogous « solid solution of the Ti-O system,‘ 
so it is evident that of the two, the zirconium lattice 
can much more easily accommodate the interstitial 
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Fig. 28—6.5 pct O alloy quenched from Fig. 29—As-cast 110 pct O alloy. The a- 
1950°C. a plus signs of melting. White ZrO, eutectic. Unetched. X250. 1885°C. At this temperature there is no in- 


areas are voids in this very brittle alloy. dication of melting in the a + ZrO, struc- 
Unetched. Polarized light. X200. ture. Unetched. X250. 


Fig. 31—15.0 pct O alloy quenched from Fig. 32—15.0 pct O alloy quenched from Fig. 33—23 pct O alloy quenched from 
1920°C. The same phases as in the previ- 700°C. a + ZrO.. This figure as well as 1885°C. Striated ZrO, plus a small amount 
ous figure, but the change in appearence is Figs. 30 and 31 deny the existence of a of isothermal a. The striations are rejected 
characteristic of the slightly melted struc- phase ZrO. Unetched. X250. a. Unetched. X250. 
ture. Unetched. X250. 


Fig. 34—24 pct O alloy quenched from Fig. 35—25 pct O alloy quenched from Fig. 36—26 pct O alloy (stoichiometric ZrO.) 
1885°C. Only striated ZrO, is present here. 700°C. The two-phase a -+ ZrO, structure quenched from 1885°C. The single-phase 
There is no isothermal a. Unetched. X250. as in Fig. 33. Notice the lesser number of ZrO, structure is seen with no striations as 
striations in the ZrO. grains. Unetched. X250. in Figs. 33, 34, and 35. Unetched. X250. 


solution of oxygen. Complete results and details of data were obtained by optically measuring the tem- 


the lattice parameter study are available in ref. 5. perature at which wire samples visibly melted. His 
; ; alloys were prepared by allowing oxygen to react 

Comparisons with Former Results with iodide zirconium wire, followed in some cases 

The data available in unclassified literature for by an annealing treatment to allow diffusion and 
comparison with the present work were limited. homogenization. The curve presented showed a 
De Boer and Fast” proved that the a ~ £ transfor- steady increase in visual melting temperature with 


mation temperature is raised by the addition of the addition of oxygen, from zircorium to ZrO,. 
oxygen. Cubicciotti’ presented a “melting point- The existence of the a-ZrO, eutectic immediately 
composition diagram” for the system which is in refutes this type of relationship. A slight leveling 
disagreement with the present work. Cubicciotti’s off in the curve was found by Cubicciotti at about 
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2475°C and approximately 18 to 23 wt pct O (55 to 
63 atomic pct). 

Due to the technique of alloy formation it is 
unfortunate that alloy homogeneity, over the com- 
position range studied, was not documented by 
metallographic evidence in Cubiccotti’s work. The 
visual method of melting point determination can 
also produce spurious results. In the present investi- 
gation it was found that an alloy rich in oxygen 
(greater than about 6 pct) could be heated consid- 
erably above the solidus before any outward visible 
signs of melting were detected. These factors indi- 
cate that if a thin oxide coat or an oxygen-rich 
layer were present on the wire specimens, Cubic- 
ciotti’s melting point data would tend to be quite 
high, as was the case when compared with the pres- 
ent work. 

Although disagreement on the solidus curve ex- 
ists, several points of agreement were found. The 
maximum solubility of zirconium in ZrO, found in 
the present investigation coincides with that re- 
ported by Cubicciotti, and further, no evidence for 
the existence of a phase ZrO was found in either 
work, 

The maximum solubility of oxygen in a zirconium 
was found to agree with semiquantitative data pre- 
sented by several authors.” ” 

The presence of a eutectic in the system has 
never been reported by previous investigators. 

One important feature of the diagram, the melt- 
ing point of ZrO,, was not determined in the present 
work. The value presented, 2700°C, is an average 
of the values found in the literature.”” 

According to the literature” “" there are two or 
more polymorphic forms of ZrO,; there is, however, 
considerable disagreement on the number of trans- 
formations and the temperatures at which they 
occur, It was considered of interest in the present 
investigation to determine whether or not any high 
temperature modification of ZrO, could be retained 
by quenching to room temperature. X-ray powder 
patterns were made with as-received and arc-cast 
C.P. and “Specpure” ZrO,. In addition, samples of 
“Specpure” ZrO, were heaied and quenched from 
900°, 1210°, 1745°, and 2315°C. The monoclinic 
modification, corresponding to that listed in the 
Hanawalt Tables,” was invariably found. The re- 
sults of this brief study do not preclude the possible 
existence of allotropes of ZrO,, but indicate that the 
problem must be resolved by dynamic techniques. 


Summary 


Metallographic analysis of as-cast and annealed 
semples of arc-melted alloys yielded the partial 
Z1-O binary phase diagram. 

Important features of the diagram include: 

1—£ solid solution forms by the peritectic reac- 
tion liquid (1.25 wt pet, 7 atomic pect O) + a (3.75 wt 
pet, 18 atomic pet O) — £8 solid solution (2 wt pct, 
10.5 atomic pet O), at 1940° + 20°C. 

2—Oxygen stabilizes a zirconium, raising the 
transformation temperature and yielding an open 
maximum melting point for the a solid solution. 
The maximum occurs at 1975° + 25°C and 5.5 wt 
pet O (25 atomic pct). 

3—The maximum solubility of oxygen in £8 zir- 
conium is 2 wt pet (10.5 atomic pct) at the temper- 
ature of the peritectic reaction, decreasing to zero 
at the transformation temperature, 862°C. 

4—The a modification of zirconium can dissolve 
up to 6.75 wt pet O (29 atomic pct) and the a/a + 
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ZrO, solubility boundary is a vertical line at that 
composition. 

5—A eutectic occurs at 1906° + 20°C and 11 wt 
pet O (43.5 atomic pct), whereby liquid (11 wt pct, 
43.5 atomic pct O) ~ a solid solution (6.75 wt pct, 
29 atomic pect O) + ZrO, solid solution (23 wt pct, 
63 atomic pct O). 

6——The intermediate phase ZrO, which melts with 
an open maximum at 2700°C has a range of homo- 
geneity on the zirconium side of the stoichiometric 
composition (25.97 wt pct, 66.67 atomic pct O), 
changing from 23 wt pct O (63 atomic pct) at the 
eutectic temperature, 1900°C, to 25 wt pet O (65.5 
atomic pct) at 700°C. 

7—There are no additional singular phases be- 
tween zirconium and ZrO,,. 

The characteristic compositions presented above 
are believed to be accurate to + 0.25 wt pct O except 
for the a/a + ZrO, boundary and the solubility 
range of ZrO,, which are within + 0.5 wt pct O of 
the equilibrium value. 
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High Temperature Strength of Wrought Aluminum 
Powder Products 
by Eric Gregory and Nicholas J. Grant 


The creep rupture properties of wrought aluminum powder prod- 
ucts made from five grades of sintered aluminum powder were in- 


vestigated at temperatures from 400° to 900°F for rupture times up 
to 1000 hr. The effect of stress concentrations on materials of this 
type was investigated by means of notched creep rupture tests. A 
tentative correlation was obtained between the creep rupture prop- 


EVERAL papers have been published recently 
concerning the production and properties of 
wrought aluminum powder products and their pos- 
sible high temperature applications. Most of the 
published work in this field has come from abroad, 
notably Switzerland, and articles by Irmann and his 
colleagues were summarized in English recently.’* 

Most of the papers published by Dr. Irmann are 
principally concerned with the retention of prop- 
erties (by a product which is produced from ex- 
tremely fine flake powder and is subsequently hot 
extruded) after heating to high temperature for 
prolonged times. The powder may be in atomized 
or flake form, and during hot working the applied 
pressure is reported to plastically deform the alumi- 
num powder, thus breaking the oxide skin and 
welding the particles together. Irmann attributes 
the remarkable properties to the dispersion of oxide 
inclusions. Specifically, the product described by 
Irmann is one labeled SAP (Sintered Aluminum 
Powder) in which the initial flake powder is so fine 
that at least 50 pct of the flakes have one dimension 
of 2 microns or less. The composition of the starting 
aluminum shows in percent, Fe, 0.18; Si, 0.19; Zn, 
0.06; Ti, 0.03; Cu, Mn, Mg, all nil; balance Al, ap- 
proximately 99.5 pct. 

Aluminum is not the only material that has been 
found to have increased resistance to deformation 
at elevated temperatures when produced by powder 
metallurgy. It has been reported by Middleton, 
Pfeil, and Rhodes’ that platinum has a higher recrys- 
tallization temperature when produced by powder 
metallurgy and exhibits peculiar properties, many 
of which are similar to those of the aluminum pow- 
der products. Difficulties were encountered in ex- 
plaining the reason for the strengthening in the case 
of platinum since the existence of the oxide is 
doubtful. The authors attributed the special prop- 
erties to “a small amount of suitably dispersed 
porosity.”” This theory was supported by von Zeer- 
leder*‘ in the discussion to the paper, and the 
similarity between this method of hardening and 
that suggested by Rohner in his theory of age hard- 
ening was pointed out. 

R. de Fleury’ attempted to explain some of the 
properties in terms of the modulus of elasticity and 
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erties and the structure as revealed by electron microg.aphs. 


Table |. Room Temperature Properties 


Distance 


Between Particles** 

Cen- Sur- 

Oxide Tensile Yield Elonga- terto face to 

Mate- Content, Strength, Strength, tion, Center, Surface, 

rial Wt Pet Psi Psi Pet Microns Microns 
M255* 05-1 22,600 17,600 22 2.77 2.17 
M293* 1- 3 27,200 17,400 25 1.35 1.07 
M257* 6- 8 35,800 24,600 16 0.85 0.71 
M276* 15-17 53,300 35,800 4 0.65 0.39 
SAP 10-14 50,000 32,800 8 0.54 0.35 


* Mechanical data from Alcoa. 
** See section on electron microscopy. 


elastic limit of alumina and aluminum while von 
Zeerleder examined the relationship between the 
yield strength and the reciprocal of the powder 
particle size. 

Boenisch and Widerholt* dealt mainly with the 
corrosion resistance of the powder aluminum ma- 
terial and compared it with other aluminum alloys. 
The diffusion rates of other metals in SAP and pure 
aluminum have been compared by Seith and Lép- 
mann.’ They showed that the alloying metals diffuse 
particularly quickly in SAP possibly due to the very 
fine grain size. The properties of the Alcoa prod- 
ucts were given by Lyle.” The creep rupture prop- 
erties of SAP and two of the Alcoa experimental 
powder products were compared by Gregory and 
Grant” and it was shown that these products are 
vastly stronger at 900°F than are the best cast and 
wrought alloys at 600°F. Since the publication of 
these data, the authors have investigated two fur- 
ther aluminum powder products and it is the object 
of this paper to show how the high temperature 
creep rupture properties of the five materials vary 
with oxide content and with the structure as re- 
vealed by electron microscopy. 


Materials 

One of the five products, SAP, a sintered alumi- 
num product, was supplied by the Societe Anonyme 
pour l’Industrie de |’Aluminium, Neuhausen a/RHF, 
Switzerland, through Dr. R. Irmann, while the 
others, M276, M257, M293, and M255 were supplied 
by the Aluminum Company of America as experi- 
mental powder metallurgical products. M255 and 
M293 were made from coarse and fine atomized 
powders, respectively. The other materials were 
made from flake powders with significant differ- 
ences in oxide content. The details of the type of 
powders used in the manufacture of these materials 
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Fig. 1—Log stress vs log rupture time plots for the five alloys at 
400°F. Note instability break in curve for alloy M255. 


4 000) 
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Fig. 2—Log stress vs log rupture time plot for the five alloys at 
600°F. Note instability break in curve for alloy M255. 


together with the room temperature, short time 
tensile data are given in Table I. 


Stress Rupture Data 

These different materials gave a wide range of 
high temperature strength and ductility values and 
the stress rupture curves at 400°, 600°, and 900°F 
are shown in Figs. 1, 2, and 3, respectively. The 
small slopes and absence of breaks up to 900°F in 
the log stress vs log rupture life curves for SAP, 
M276, and M257 indicate their structural stability 
by retention of their properties with time at tem- 
perature. Fig. 3 shows for comparison the stress 
rupture properties at 600°F of alloy XF 18S-T61, 
possibly the strongest of the wrought aluminum 
high temperature alloys. In order to illustrate the 
data collectively, stress to rupture was plotted” in 
Fig. 4 against the parameter T(20 + log t) where T 
is the temperature in degrees absolute; t, is the 
rupture time in hours; and 20 was selected arbitra- 
rily as the constant. The curves for M255 and M293 
show a downward break, confirming the existence 
of the instabilities in Figs. 1 to 3, due possibly to 
change in grain size or to stress relief. 

The curve for SAP is unusual since there is an 
upward break based on the 900°F data, which is not 
predicted by the 400° and 600°F data. Accordingly, 
the curve beyond 600°F is drawn dotted since there 
is a possibility that there may have been a change 
in the oxide content or oxide particle spacing of the 
bar stock used for the tests at 600° compared to 
900°F. 

Interestingly, the curve for M276 has a much 
steeper gradient than M257, and appears to become 
weaker at longer times and higher temperatures, a 
result which is in agreement with data on the varia- 
tion of tensile and yield strengths with temperature 
as reported by Lyle.” 

In studying Figs. 1 to 4 it should be kept in mind 
that these data are not presented merely to show 
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which of these products is the strongest at high tem- 
peratures. Of greater significance is the fact that 
they represent a series of aluminum-aluminum oxide 
alloys in which the strength is increased as a function 
of the oxide content, and in which the ductility (see 
Table I), the impact and fatigue properties, the con- 
ductivity, and other properties vary accordingly." * ” ° 
Such combinations of metal and oxide, therefore, 
provide a continuous series of alloys useful for a 
wide range of applications both at high and low 
temperatures. 


Notched Stress Rupture Results 

In order to determine the effect of stress concen- 
trations on these materials, notched creep rupture 
specimens were made of alloys M293 and M276, 
selected as being representative of low strength- 
high ductility and high strength-low ductility mate- 
rials, respectively. 

As the amount of these materials did not permit 
an investigation of the effects of notch geometry, it 
was decided to standardize the tests using a speci- 
men of the type shown in Fig. 5. The dimensions of 
this specimen were based on the data and sugges- 
tions put forward by Hull, Humm, and Scott." 

The stress-rupture curves obtained from the 
notched alloys are compared with those from the 
norma! unnotched rupture specimens in Figs. 6 and 7. 

The introduction of a notch into a material can, by 
causing a system of triaxial stress in its neighbor- 
hood, increase the apparent strength. For this to 


4.05 FER SO 


Fig. 3—Log stress vs log rupture time plot for the four stronger 
alloys at 900°F. Note sharp decrease in strength for alloy M293. 
Alloy XF 18S-T61 at 600°F is shown for comparison with the wrought 
powder products. 


13,000 


9000 0,000 12,000 


Fig. +—Stress vs T (20 + log t) plot for all five alloys. Points are 
listed according to test temperatures. Note downward breaks in 
curves for alloys M255 and M293, upward break for SAP, and cross- 
over of curves for M257 and M276. 
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happen, however, the material must have sufficient 
ductility to accommodate the stress concentration 
caused by the presence of the notch. The amount of 
ductility required in the normal stress rupture bar 
varies according to the notch geometry. The duc- 
tility of the M293 was far greater under the same 
conditions of stress and temperature than that of 
M276. In both these materials the elongation de- 
creased with increasing temperature and with in- 
creasing time at a given temperature, as is shown 
by the percentage of elongation values noted next to 
each unnotched creep rupture test point in Figs. 6 
and 7. As expected, the effect of a notch of the type 
shown in Fig. 5 was far less deleterious to alloy 
M293 than to M276. At 400°F, M293 sustained 
higher stresses for a given rupture life in the 
notched condition up to about 500 hr, whereas in 
M276 this was only true up to about 3 hr. The cor- 
responding figures at 600°F were 1 hr and 0.1 hr. 
It will be seen that when the elongation of the nor- 
mal rupture specimen of M293 falls below about 10 
pct at both 400° and 600°F, the apparent increase in 
strength no longer. occurred. The corresponding 
elongation value for M276 was somewhat lower, 
about 5 pet. 

The scatter of the rupture life values among those 
specimens having sufficient ductility to result in an 
increased rupture life in the presence of a notch ap- 
pears to be far less than that when notch embrittle- 
ment occurred. 


Identification of the Disperse Phase 

Since examination of an electropolished and 
etched specimen of these materials with X-rays did 
not reveal the lines of the disperse phase clearly, ex- 
traction of the particles was carried out using an 
HC! solution. X-ray examination of this extract 
showed the phase to be vy Al.O,. This was later con- 
firmed by careful electron diffraction of the electro- 
polished and etched solid material. Control experi- 
ments were carried out on pure aluminum to make 
certain that the pattern observed by electron dif- 
fraction was not oxide formed on the samples due to 
the polishing and etching treatment. 

The y aluminum pattern was observed on the 
wrought powder specimens both after electropolish- 
ing and electropolishing and etching in dry gaseous 
HCl. 


Metallographic Examination and Structure 
Relationships 

In determining the metallography of the materi- 
als, difficulties were encountered due to the very 
fine dispersion of the hard oxide phase which, 
during polishing, tended to be removed or covered 
up with flowed matrix metal. The method finally 
adopted was to put the alloys through the usual 
stages of polishing and to follow the finest wheel 
with a brief electropolish in a perchloric acid-acetic 
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anhydride mixture. The function of the electro- 
polish was to remove a very thin layer of distorted 
metal and the fine scratches probably caused by 
the tearing out of oxide. The electropolishing was 
not carried on for a time sufficient to cause pitting. 
Etching of the alloys, on the other hand, generally 
led to pitting, however for most purposes a structure 
was revealed sufficiently clearly after electropolish- 
ing. Figs. 8a, b, c, show micrographs of unetched 
transverse sections of three of the materials in the 
as-received state, at X2000. Owing to the extreme 
fineness of the structures of these alloys this magni- 
fication was not sufficient to give useful information. 
Electron micrographs, however, did reveal a more 
clearly defined structure. Paralodion negative rep- 
licas of the unetched material were rotary shadowed 
with chromium to increase the contrast and still 
maintain a fairly accurate representation of the size 
and shape of the particles revealed. 

Owing to the difficulty of etching without pitting 
it is, as yet, not possible to outline clearly the grain 
boundaries in the as-received material and the mic- 
rographs and electron micrographs are on the un- 
etched material. The grain size is presumed to be 
exceedingly small. 

Electron micrographs at X20,000 are shown in 
Figs. 9 to 13 for the five alloys. There is, as yet, 
some doubt concerning the interpretation of these 
structures and the ideas expressed here must there- 
fore be considered to be tentative. 

The white areas in the electron photographs are 
thought to be oxide platelets, and as can be seen in 
the micrographs they increase in number as the 
oxide content increases. The area of the white 
regions is in all cases in excess of that predicted by 
the chemical analysis of the oxide (Table I). There 
are two possible reasons for this. First, because the 
oxide exists in thin flakes, those particles not on 
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Fig. 6—Notch stress-rupture tests for alloy M293 at 400° and 600°F 
compared with unnotched tests. 
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Fig. 7—Notch stress-rupture tests for alloy M276 at 400° and 600°F 
compared with unnotched tests. 
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Fig. 8—Optical microscopic micrographs of unetched specimens. X2000. Area reduced approximately 50 pct for reproduction. 


edge to the cross section yield a fictitiously high 
area. Second, the electropolished surface is not per- 
fectly plane, and, owing to a relief effect during 
polishing, a volume of the specimen is represented 
instead of a plane cross section. Theoretical pre- 
dictions of the thickness of the oxide films suggest a 
value from 50 to 100A units in some cases. Such a 
dimension would not be revealed by the techniques 
employed here if the oxide were on-edge to the 
cross section. However, other orientations would be 
expected to be revealed in view of the considerably 
larger area of the flakes. 


Fig. 9—Electron micrograph of SAP. White Fig. 


10—Electron micrograph of M276. Fig. 


Because of the uncertainty in the interpretation of 
these structures, the proposed relationships, below, 
must be somewhat tentative. The rather good re- 
lationship observed between the measured spacing 
between these white areas and the tensile strength 
and rupture life, on the other hand, lend confidence 
in the observations and assumptions. 

Recently there have been several studies of the 
effect of hard phase dispersions on the plastic prop- 
erties of alloys. Gensamer and his colleagues” re- 
ported the effect of carbide spacing in pearlite on 
the plastic properties of steels. Their data showed a 


11—Electron micrograph of M257. 
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linear relationship between the logarithm of the 
mean ferrite path and the stress at definite strain. 

Orowan”™ has considered the particles as barriers 
preventing the movement of dislocations and pre- 
dicted that the yield strength of a material contain- 
ing uniformly distributed particles should be in- 
versely proportional to the mean free path in the 
matrix. 

Other relationships between strength and struc- 
ture have been proposed and discussed by Unkel," 
by Shaw et al.," and by Fisher, Hart, and Pry.” 

The present data on the wrought aluminum pow- 
der products do not allow a strict choice to be made 
among the several different theories for several 
reasons in addition to the question regarding inter- 
pretation of the electron micrographs. Specifically, 
values of the stress for a fixed strain were not ob- 
tained since these tests were creep rupture rather 
than tensile tests. Furthermore, in any search for 
a relationship between strength and structure, it is 
necessary that the materials undergo deformation 
according to a fixed mechanism. In these tests 
where the temperature varied from room tempera- 
ture to 900°F, it is unlikely that a common deforma- 
tion mechanism was prevalent as is evidenced by 
the breaks in the log-log plots of stress vs rupture 
life in Figs. 1 to 3 and by the changes in slope noted 
in Fig. 4. 

To attain the best possible relationship, however, 
a rupture time of 0.01 hr was selected and the stress 
for fracture in this time was then the strength vari- 
able. This 0.01 hr rupture time is not significantly 
different from the short time hot tensile strength. 

Finally, as will be noted below, there is some evi- 
dence that the matrix is likely to be in a strained 
state of variable magnitude because of the finely 
dispersed second phase which interferes with re- 
covery and recrystallization. 

By selecting a number of representative electron 
micrographs it was possible to determine a figure 
for the average separation among the particles of 
the second phase. 

In this way surface to surface spacings and cen- 
ter to center spacings were measured and are shown 
in Table I. A large number of micrographs were 
not utilized for these determinations when it was 
noted that the difference between two micrographs 
was very small. Possibly the largest error would be 
due to areas in which oxide segregation or depletion 
may have occurred, and which may have had an 
effect on the rupture life. The fact that certain of 
the materials have a wider range of particle sizes 
also influences the results. Such a nonuniform 
structure is clearly shown in alloy M276 at X20,000 
in Fig. 14. Large segregated areas are noted and are 
probably instrumental in the apparent anomalies in 
the behavior of this alloy (see Figs. 1 to 4). 

Both surface to surface and center to center spac- 
ings were plotted against strength but it is believed 
that the former is the more significant value barring 
a condition where fracture may originate in an ox- 
ide plate due to its size. The surface to surface plots 
appeared to give less scatter of values and were 
alone used in the relationships shown below. 

The room temperature tensile strength and the 
stress to rupture in 0.01 hr at 400° to 900°F were 
plotted against oxide content in Fig. 15. The values 
of oxide are only aproximate and were obtained by 
averaging the chemical values in Table I. On theo- 
retical grounds it seems improbable that there is a 
simple relationship between total oxide content and 
strength unless the size of the oxide platelets can be 
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Fig. 15—Stress vs weight percent of oxide (by chemical analyses) 
for room temperature tensile strength and 0.01 hr rupture life at 
400°, 600°, and 900°F. 


presumed to be the same in all materials, which it 
is not. The values of strength for M276 appear to be 
low at 400° and 600°F, but this is probably due to 
deviations caused by coarse oxide areas and seg- 
regation. 

A plot of stress vs 1/d, Fig. 16, shows that the 
strengthening effect of the oxide phase is greatest at 
the lower temperatures, for short time tests, and has 
little effect at 900°F. However, it must be remem- 
bered that the comparison is made for a 0.01 hr rup- 
ture time, a time which is for all the alloys prior to 
the break in the strength curves of Figs. 1 to 4. If 
longer rupture times are selected, 1000 hr, for ex- 
ample, then the relationship shown in Figs. 16 to 18 
would no longer be valid because of more than one 
operative deformation mechanism, but the value of 
the oxide strengthening would be noted in a more 
realistic manner (see Figs. 1 to 3). Fig. 16 shows 
good straight line relationships for all test tempera- 
tures. 

A plot of log stress vs log spacing, Fig. 17, yields 
relatively good straight lines at the higher tempera- 
tures but is not straight at room temperature. 

Fig. 18 shows the relationship between stress and 
log spacing, straight lines being achieved essentially 
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Fig. 16—Stress vs reciprocal of average spacing between oxide 
particies for room temperature tensile strength and 0.01 hr rupture 
life at 400°, 600°, and 900°F. 
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Fig. 17-—Log stress vs log oxide spacing for room temperature tensile 
strength and 0.01 hr rupture life at 400°, 600°, and 900°F. 


at 600° and 900°F but not at room temperature and 
400°F. 

The validity of extrapolation is somewhat doubt- 
ful, but it would appear that the room temperature 
tensile data predict a strength for the pure matrix 
material equal to that of hardened aluminum. This 
may not be unexpected since the wrought powder 
materials have an excess phase dispersion which 
hinders recovery and recrystallization in the matrix. 
The 600° and 900°F curves predict a value for the 
0.01 hr rupture life of the pure material which is 
more nearly equal to that of the fully annealed ma- 
trix material tested at room temperature rather 
than for the same material tested at 600° and 900°F. 

While no attempt will be made to make a choice 
among the structure-stress relationships illustrated, 
it will be seen that for approximate practical pre- 
dictions of strength at a given temperature and 
short time rupture life, the 1/d plot may be most 
convenient. 

Aside from efforts to obtain a fundamental rela- 
tionship between structure and strength properties, 
a more realistic measure of the high temperature 
creep rupture strength contribution of the finely 
dispersed insoluble oxide phase can be obtained 
by comparing the various alloys at 100, 1000, or 
10,000 hr rupture life. 


Summary 
It is shown that a super-fine dispersion of an ox- 
ide phase in a pure aluminum matrix, where the 
particle spacing is of the order 0.35 to 2 microns, 
results in extreme strengthening. The largest bene- 
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Fig. 18—Stress vs log oxide spacing for room temperature tensile 
strength and 0.0! hr rupture life at 400°, 600°, and 900°F. 
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fits are derived at long times at high temperatures 
since the alloys with the higher oxide content are 
extremely stable and do not lose strength due to a 
change in the structure. 

An effort has been made to see if the strengthening 
can be related to one or more of the current theories 
on strengthening by a disperse phase, the best rela- 
tionship being shown, for short time tests, by a plot 
of stress (for 0.01 hr rupture time) vs the reciprocal 
of the particle spacing. 
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HE o phase is a hard and extremely brittle ma- 

terial with a tetragonal crystal structure, con- 
taining 30 atoms per unit cell.' It occurs in many 
binary and ternary alloys of the transition elements. 
The existence of twelve o phases has been reported 
in binary alloys of metals from the group vanadium, 
chromium, molybdenum, and tungsten with metals 
from the group manganese, iron, cobalt, and nickel. 
It is a characteristic fact that the composition of the 
o phases in the various binary systems is not the 
same. Rather, there is a gradual shift in composi- 
tion, for instance in the series of chromium oa phases, 
approximately as follows: CrMn,, FeCr, Cr,Co,. In 
recent years several ideas have been put forward to 
account for this variability of composition. 

Sully* proposed that o was a type of electron com- 
pound, characterized by 1.7 electrons per atom in 
excess of the number required to fill the Pauling 
atomic orbitals. These excess electrons were sup- 
posed to just fill the first Brillouin zone of the o 
structure. However, later work indicated that the 
phase is ferromagnetic at low temperatures, so that 
o is unlikely to be a full zone compound." 

Another proposal,‘ which is also based on the 
structure of the transition elements advanced by 
Pauling, and in fact leads to essentially the same o 
compositions as Sully’s theory, suggests that the o 
phase is characterized by a constant number of 
electron vacancies per atom. The electron vacancy 
numbers N, used were originally the same as those 
in the Pauling theory, but were later modified em- 
pirically’ in order to bring about better agreement 
with data for the » phase in certain ternary systems. 
For alloys, N, was calculated on the assumption of 
simple additivity from the electron vacancy num- 
bers of the components, as follows: N, 4.66 (Mo 
+ Cr+ V) + 3.2 (Mn) + 2.2 (Fe) + 1.71 (Co) + 
1.6 (Ni). On this basis a reasonably constant value 
of N, = 3.4 was obtained for all of the binary o 
phases and a fairly constant value of N, = 3.1 for 
the various p» phases. 
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The Sigma Phase in Binary Alloys 


by Peter Greenfield and Paul A. Beck 


More recently, Bloom and Grant" pointed out that 
a similar correlation with the total number of 3d 
and 4s electrons per atom is also fairly well fulfilled 
and concluded that no reference need be made to 
the Pauling theory. This proposal does not lead to 
the same binary o compositions as the one described 
above, so that the relative merits of the two pro- 
posals may be determined on the basis of direct com- 
parison with experimental composition data. The 
purpose of the present paper is to provide such a 
comparison. Since the experimental data for the 
composition ranges of several of the known o phases 
were rather incomplete, it was decided to carry out 
new experimental determinations for many of the 
binary systems. 


Experimental Procedure 


The alloys were prepared by induction melting in 
recrystallized alumina crucibles, either in vacuum or 
in helium atmospheres. Some aluminum was picked 
up from the crucibles in the alloys of high vanadium 
content, but this was minimized by keeping the 
alloys in the molten state for as short a time as pos- 
sible. The maximum aluminum impurity was 0.13 wt 
pet by chemical analysis, in an alloy containing over 
50 wt pet V. In general, the as-melted compositions 
agreed accurately with those obtained by chemical 
analysis. In the case of manganese, however, losses 
inevitably occurred; consequently all manganese 
alloys were analyzed. 

Specimens of all alloys were annealed at tem- 
peratures ranging from 1000° to 1300°C in an atmos- 
phere of purified 92 pct helium and 8 pct hydrogen 
mixture. All manganese alloys were sealed in quartz 
tubes under vacuum before annealing. The specimens 
were held at temperature for between four and eight 
days before being quenched into cold water. Alloys 
were prepared for microscopic examination by me- 
chanical polishing, usually followed by electrolytic 
etching. 

X-ray diffraction specimens were prepared by 
crushing the homogenized alloys, and by reanneal- 
ing the obtained powders in evacuated quartz tubes 
for a few hours at the temperature of the lump 
anneal. X-ray diffraction patterns were made with 
unfiltered chromium radiation, using an asymmet- 
rical focusing camera of high dispersion. Using micro- 
scopic and X-ray techniques jointly, the accuracy 
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Table |. 


Composition Range and Mean Composition 
of Various Binary Sigma Phases 


Tempera- Range, Composition, 
System tere, °C Atomic Pet Atemic Pet 
V-Ni 1200 55-68.5 V 615V 
V-Co 1200 44-53.1V 488V 
V-Fe 1075 39-54.5 V 47 V 
V-Mn 1000 13.4-24.5 V 19 V 
Cr-Fe 600 43-49 Cr 46 «Cr 
Cr-Co 1200 58.6-63 Cr 60.8 Cr 
Cr-Mn 1000 16-24 Cr 20 Cr 
Mo-Fe 1300 50 Mo ‘less than “4 50 Mo 
pet wide) 
Mo-Co 1300 60.5 Mo (less than 60.5 Mo 
\% pet wide) 


of location of the phase boundaries is estimated at 
better than +1 pct of any component. 


Results 

Vanadium-Nickel: This system has been inves- 
tigated by Pearson and Hume-Rothery’ in the region 
0 to 60 atomic pct V and they found that the a field 
extended from 55 to more than 65 atomic pct V, 
at 1200°C. The vanadium-rich boundary was not 
located. 

As the nickel-rich boundary had already been 
accurately determined, the present work was con- 
centrated on the vanadium-rich end. This boundary 
was located at 1200°C by an alloy containing 68.2 
atomic pct V, which was homogeneous o, and an 
alloy containing 69.3 atomic pct V, which was two- 
phase. As this latter alloy contained an appreciable 
amount of a second phase, it is estimated that the a 
range is between 55 and 68.5 atomic pet V at 1200°C. 

Vanadium-Cobalt: There is no published work on 
the precise limits of the o phase region in this sys- 
tem. Duwez and Baen" have shown that an alloy of 
the equiatomic composition lies in the homogeneous 
a field, but little else is known. 

Examination of a series of alloys at 1200°C shows 
that the @ field boundaries are located between 52.6 
and 53.6 atomic pct V at the vanadium-rich end, 
and between 43.6 and 44.7 atomic pct V at the 
cobalt-rich end. The estimated o range is therefore 
between 44.4 and 53.1 atomic pct V at 1200°C. 

Vanadium-Iron: The diagram published by Wever 
and Jellinghaus’ suggests a lower limit of just over 
30 wt pet V and a wide range of homogeneity up 
to about 58 wt pct V for the o phase, but these limits 
were determined from slow-cooled, unannealed 
alloys only. The more recent work of Martens and 
Duwez” shows that o extends from 37 to 57 atomic 
pet V at 700°C. 

The present work shows that the o phase bound- 
aries are located between 38.2 and 40.2 atomic pct V 
at the iron-rich end, and between 53.7 and 55.3 
atomic pet V at the vanadium-rich end, for an an- 
nealing temperature of 1075°C. The o phase field, 
therefore, ranges from about 39 to 54.5 atomic pct V 
at 1075°C. At higher temperatures, the phase ap- 
pears to narrow rapidly. 

Vanadium-Manganese: Pearson, Christian, and 
Hume-Rothery" first observed o in this system, 
though no attempt was made to define its limits. An 
alloy containing 24.3 atomic pct V was observed to 
give a o X-ray pattern though the microstructure 
was nonhomogeneous. 

The present work defines the » boundaries at 
1000°C. Alloys containing 13.9 and 24.0 atomic pct 
V were homogeneous «, while alloys with 25.5 and 
12.9 atomic pct V contained a small amount of sec- 


254--JOURNAL OF METALS, FEBRUARY 1954 


ond phase. The a field is therefore located between 
13.4 and 24.5 atomic pct V at 1000°C. 

Chromium-Iron: This diagram has been accurately 
determined by Cook and Jones.” The o phase is 
shown to exist between 43 and 49 atomic pct Cr at 
600°C. 

Chromium-Cobalt: The o limits in this system 
have been recently determined.‘ The phase was found 
to exist between 58.6 and 63 atomic pct Cr at 1200°C. 

Chromium-Manganese: This system has been 
examined by Pearson and Hume-Rothery” and by 
Zwicker” with reasonable agreement in the o region. 

In the present work, alloys were annealed at 
1000°C, and the results showed that the manganese- 
rich boundary lies between 15.7 and 16.7 atomic pct 
Cr, and the chromium-rich boundary between 23.5 
and 24.5 atomic pct Cr. The o phase exists, there- 
fore, between 16 and 24 atomic pct Cr at 1000°C, in 
agreement with Hume-Rothery and Zwicker. 

Molybdenum-Iron: Goldschmidt” first reported 
that the phase based on FeMo has the o structure. It 
is stable only above 1180°C, and begins to melt at 
1540°C. 

In the present work, a series of specimens an- 
nealed at 1300°C showed that alloys containing 46.7 
and 48.7 atomic pct Mo consisted of the o + » phases. 
An alloy containing 49.8 atomic pct Mo was homo- 
geneous «, while another alloy with 50.8 atomic pct 
Mo contained an appreciable amount of a molybden- 
um-rich phase. The o phase field at 1300°C is there- 
fore extremely narrow, existing around the FeMo 
composition. 

Molybdenum-Cobalt: Goldschmidt" first reported 
this o phase at the composition Co,Mo,, but it is 
stable only at high temperatures. 

Alloys were annealed for a period of 10 days at 
1300°C. Results showed that alloys containing 61 
and 62 atomic pct Mo contained a molybdenum- 
rich second phase, while a specimen with 60 atomic 
pet Mo was almost homogeneous, except for a trace 
of the » phase. The o range is therefore very nar- 
row, existing around 60.5 atomic pct Mo. 

Molybdenum-Manganese: A o phase was reported 
in this system by Kasper, Decker, and Belanger,” 
but no composition was mentioned. 

In the present work, alloys ranging from 0 to 35 
wt pct Mo were melted, and investigated as- 
quenched from 1000°C. At this temperature, a 
phase which has the typical microstructure of the o 
phase, with numerous cracks, was found to extend 
from about 12 to 20 atomic pct Mo. However, X-ray 


Table Il. Deviations of Experimental Mean Compositions 
of Sigma Phases from Those Calculated from Eq. 1 


Devi- 
ation in 
Experi- Calculated 
mental Caleu- and Ex- 
Mean lated Mean perimental 
Compe- Compo- Mean Com- 
Sys- sition, Mean sition from position, 
tem Atomic Pct N. N. = 6.93 Atomic Pet 
V-Ni 61.5 V 6.92 616V 0.1 
V-Co 50 V 7.0 51.7V 1.7 
V-Fe 47 V 6.58 35.6 V 11.4 
V-Mn 19 V 6.62 3.5V 15.5 
Cr-Fe 46 Cr 7.08 53.5 Cr 7.5 
Cr-Co 60.8 Cr 7.18 69.0 Cr 8.2 
Cr-Mn 20 Cr 68 7.0 Cr 13.0 
Mo-Fe 50 Mo 7.0 53.5 Mo 3.5 
Mo-Co 60.5 Mo 717 69 Mo 8.5 
Average Standard 
N. = 6.93 deviation 
= 9.1 pet 
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Table I1!. Deviations of Experimental Mean Compositions of Sigma 
and Mu Phases from Those Calculated from Eq. 2 


Devi- 
ation 
in Caleu- 
lated and 
Experi- 
Caleu- mental 
Experimental lated Mean Mean 
Mean Com- Compe- Com- 
Sys- position, Mean sition irom position, 
tem Phase Atomic Pet = 3.41 Atomic Pet 
V-Ni 61.5 V 3.50 59.1V 24 
V-Co 50 V 3.18 57.6V 7.6 
V-Fe 47 Vv 3.31 492V 2.2 
V-Mn 19 V 3.48 144V 4.6 
Cr-Fe a 46 «Cr 3.33 49.2 Cr 3.2 
Cr-Co e 60.8 Cr 3.51 57.6 Cr 3.2 
Cr-Mn 20 Cr 3.49 14.4 Cr 5.6 
Mo-Fe a 50 Mo 3.43 49.2 Mo 0.8 
Mo-Co o 60.5 Mo 3.51 57.6 Mo 2.9 
Average Standard 
N, = 3.41 deviation 
= 4.1 pet 
Caleu- 
lated Mean 
Compo- 
sition from 
N. = 3.12 
Co-Mo “ 46 Mo* 3.07 47.8 1.8 
Co-W m 46 3.07 47.8 18 
Fe-Mo m 40 Mo” 3.18 37.4 2.6 
Fe-W “ 40 W= 3.18 37.4 2.6 
Average Standard 
N,. = 3.12 deviation 
= 2.2 pet 


diffraction powder photographs taken at room tem- 
perature, and back-reflection Laue patterns using 
the actual microscopic specimen, showed that this 
phase does not have the o structure. Further work 
on this system is being carried out at higher tem- 
peratures. 

Tungsten-Cobalt and Tungsten-Iron: Gold- 
schmidt” reported that high temperature o phases 
are stable in both of these systems, but no composi- 
tion limits were mentioned. No alloys in these sys- 
tems have been examined in the present work. 

Columbium and Tantalum Systems: A brief ex- 
amination of compounds reported in the systems of 
columbium and tantalum with manganese, iron, co- 
balt, and nickel did not indicate the formation of the 
o phase in any of these systems. Instead, Laves 
phases were found at the compositions CbMn., 
TaMn., CbFe, (MgZn, type) and at TaCo, and CbCo, 
(MgCu, type). 

The data on the known binary o phases are sum- 
marized in Table I. 


Discussion 
In one of the correlations discussed earlier in this 
paper, the composition of o phases is characterized 
by a constant number of 3d + 4s electrons per atom. 
This number is calculated as follows: 


N. = 5(V) + 6(Cr) + 6(Mo) + 7(Mn) 
+ 8(Fe) + 9(Co) + 10(Ni), [1] 


where the bracketed chemical symbols represent the 
atomic fractions of the corresponding elements in 
the alloy. 

In the other proposed correlation, the o phase 
composition is characterized by a constant number 
of 3d electron vacancies per atom, this number be- 
ing calculated from the following formula: 


N, =4.66 (Mo + Cr + V) + 3.2(Mn) 
+2.2(Fe) + 1.71(Co) + 1.6(Ni). [2] 


The values used here for manganese, iron, and 
nickel are not those of the Pauling theory. They are 
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modified to some extent in order to fit better the 
experimental composition data for both the o and 4» 
phases. A lower value for manganese (in place of 
3.66 in the Pauling theory) may be qualitatively 
justified on the basis of other known facts. As was 
noted by Hume-Rothery, Irving, and Williams,” 
manganese has an abnormally low melting point 
and a high compressibility, suggesting that the co- 
hesive strength may be abnormally low. It is quite 
likely, therefore that, in the case of manganese, the 
bonding orbitals contain fewer electrons than the 
maximum permissible of 5.78 and, consequently, the 
atomic orbitals may well contain fewer vacancies 
than the theoretical number of N, = 3.66. The 
changes for iron and nickel may be considered en- 
tirely empirical and justified mainly by the fact 
that they allow the treatment of certain ternary » 
phase solid solutions in addition to that of the o 
phase.° 

If the » phase is left out of consideration, the cor- 
relation for binary o phases alone can be satisfactor- 
ily handled by using the Pauling vacancy numbers 
for all elements, except two. As shown above, the 
change for manganese may be qualitatively justi- 
fied on the basis of other properties. The other case 
is that of vanadium, where the 5.78 bonding orbitals 
are not completely filled. As the atomic orbitals 
first fill with unpaired electrons, the latter represent 
the state of lowest free energy. For nickel and co- 
balt some pairing must take place, and it has been 
observed” that the ferromagnetic electrons in these 
metals are part of a relatively unstable group, 
which is readily changed in alloying. When these 
elements are alloyed with vanadium, the paired 
atomic electrons, which have relatively higher en- 
ergy, may be assumed to help fill the 0.78 vacant 
bonding orbitals of vanadium. The effective N, 
value for vanadium, when alloyed with nickel or 
cobalt, may therefore be 5.66. On the other hand, 
when alloyed with iron or manganese, which have 
no paired electrons in their atomic orbitals, vanad- 
ium may be assumed to have the conventional N, 
value of 4.88. This would give 
N, 5.66(V when with Ni or Co) + 

4.88(V when with Mn or Fe) + 

4.66(Cr + Mo) + 3.3(Mn) + 2.66(Fe) 
+ 1.71(Co) + 0.61(Ni). [3] 


In the following, the relative merits of the two 
correlations (with constant total number of 3d and 


Table 1V. Deviations of Experimental Mean Compositions 
of Sigma Phases from Those Calculated from Eq. 3 


Devi- 
ation in 
Experi- Calculated 
mental Caleu- and Ex- 
Mean lated Mean perimental 
Compo- Compo- Mean Com- 
Sys- sition Mean sition from position, 
tem Atomic Pet N, N, = 3.61 Atomic Pet 
V-Ni 61.5V 3.69 594V 21 
V-Co 50 V 3.68 48.1V 19 
V-Fe 47 V 3.70 428V 42 
V-Mn 19 V 3.60 196V 06 
Cr-Fe 46 Cr 3.58 475 Cr 1.5 
Cr-Co 606 Cr 3.51 644Cr 3.6 
Cr-Mn 20 Cr 3.57 22.8Cr 28 
Mo-Fe 5° Mo 3.66 47.5 Mo 2.5 
Mo-Co 60.5 Mo 3.54 64.4 Mo 3.9 
Average Standard 
N, = 3.61 deviation 
2.8 pet 
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Table V. Atomic Sizes of Transition Elements 
Element Vv cr 


Interatomic 

distances 2.63 
Goldschmidt 

atomic diameter 


Element Pt 


Interatomic 

distances 2.85 2.72 2.745 2.85 2.73 2.769 
Goidschmidt 

atomic diameter 20 2.80 2.745 2.94 2.82 2.769 


4s electrons on the one hand and with constant 
number of 3d electron vacancies on the other) are 
compared on the basis of the composition data listed 
above, and using Eqs. 1, 2, and 3. From the values 
of the mean concentration for each of the binary « 
phase fields, as shown in Table I, mean values of 
N,. can be obtained from Eq. 1. From these, an aver- 
age value of N, 6.93 may be obtained for all o 
phases.* This average value of N. can be used to ob- 

* Bloom and Grant® suggested that the o phase is characterized 
by a value of N Tne fractional value here used should be 
more accurate, and its use should make the comparison more fa- 
vorable for their proposal. 
tain values of the calculated mean concentration for 
each particular o phase, and these can be compared 
with the experimental values. The results are 
shown in Table II. Similar results for Eqs. 2 and 3 
are shown in Tables III and IV, respectively. 

From the results it can be seen that the deviation 
between the calculated and experimental o« com- 
positions is much less in the case of the electron 
vacancy correlation represented by Eqs. 2 and 3. 
The maximum deviation on the basis of Eq. 2 is 
7.6 pet (vanadium-cobalt) and the standard devia- 
tion is 4.1 pet. The maximum deviation on the basis 
of Eq. 3 is 4.2 pet (vanadium-iron) and the stand- 
ard deviation is 2.8 pct. The difference between 
calculated and experimental « compositions is more 
marked for the correlation involving a constant 
total number of electrons per atom, as represented 
by Eq. 1. In this case a deviation of as much as 15.5 
pet occurs for the vanadium-manganese system and 
the standard deviation is as high as 9.1 pct. It may 
be concluded, therefore, that the constant electron 
vacancy number is a more satisfactory criterion for 
the formation of the o phase than the attainment of 
a constant total number of electrons per atom.t 

t After completion of the manuscript, a private communication 
was received from Decker, Waterstrat, and Kasper™ to the effect 
that the Mn-Mo @« phase has a narrow composition range at about 
60 atomic pet Mn. This composition would exclude the correlation 
according to Eq. 1, and it could be reconciled with the correlation 
with the number of electron vacancies only if suitable assumptions 
are made. Similarly, a Ti-Mn phase at about 50 atomic pet Mn with 
a o-like X-ray diffraction pattern was just reported by Elliott and 
Rostoker.™ However, since at least three of the strongest diffraction 


lines characteristic of ¢ are missing, the interpretation of this phase 
as may be doubted 


Duwez and Baen" suggested that the difference in 
atomic sizes between the two components in a bin- 
ary o phase is limited to 8 pet. They stated that the 
formation of o phases in alloys of tungsten with 
iron, cobalt, and nickel is prevented by this con- 
dition. Subsequent work by Goldschmidt” proved 
that tungsten does form binary o phases with iron 
and cobalt, and that, therefore, Duwez and Baen’s 
condition is not acceptable in the form originally 
proposed at a time when the data were insufficient. 
Nevertheless, the basic idea of those investigators 
that relative atomic sizes do play a role in deter- 
mining the stability of the o phase, appears to be 
supported by the data now available. 


256—JOURNAL OF METALS, FEBRUARY 1954 


It is clear from Table I that the o phases formed 
with vanadium have wider homogeneity ranges 
than the corresponding phases formed with chrom- 
ium. It may well be that a certain difference in 
atomic sizes tends to make the o phase more stable. 
Thus o forms in the vanadium-nickel system, but 
not in chromium-nickel. It is significant that when 
a certain amount of chromium in the chromium- 
nickel system is replaced by molybdenum‘ or tung- 
sten,” a ternary o phase forms. The effect of molyb- 
denum or tungsten is probably to increase the aver- 
age size differences between atoms. Similarly, when 
molybdenum is added to any of the chromium-iron,” 
chromium-cobalt,” or vanadium-cobalt” binary o 
phases, the phase field rapidly widens in the ternary 
system. On the other hand, when an element which 
will not effectively increase the difference in atomic 
sizes is added to these binary phases, the ternary 
fields often form narrow, elongated areas following 
lines of constant N,.‘t 

t An exception to this is the ‘ternary Fe-Cr-Co ¢ field, which also 
shows considerable widening.‘ 

When the difference in atomic sizes is increased 
still more, as in the case of the binary o phases of 
molybdenum and tungsten with iron and cobalt, the 
resulting o phases are comparatively unstable, hav- 
ing narrow homogeneity ranges and decomposing at 
low temperatures.$ 

§ It should be noted, however, that such considerations do not 
adequately explain the rather large differences in regard to o@ for- 


mation between the systems Cr-Fe (g stable up to 825°C only), Cr- 
Co (@ stable up to 1310°C), and Cr-Ni (no @ phase) 


It is significant that when the difference in 
atomic sizes becomes still larger than for molybde- 
num and tungsten, as in the case of columbium and 
tantalum with iron, cobalt, and nickel, no o phases 
form at all, and Laves phases form instead. This 
leads to the prediction that « may form when 
columbium and tantalum are alloyed with rutheni- 
um, rhodium, and palladium, and that the composi- 
tion ranges of the binary o phases formed in alloys 
of the transition elements of the first long period 
may be considerably expanded in the corresponding 
ternary systems with tantalum and columbium (al- 
though the solubility of tantalum and columbium in 
these o phases may be insufficient to show the 
effect). Another interesting question in this con- 
nection is whether or not the o phase forms in 
binary alloys of chromium or vanadium with palla- 
dium or platinum. In these alloys the difference in 
atomic sizes is reversed in comparison with the o 
phases so far investigated, in that of the two par- 
ticipating atoms the one with the larger d-shell 
electron vacancy number has the smaller size. It is 
planned to investigate these questions experimen- 
tally in the near future. 


Conclusions 


Of the two alternative criteria suggested for de- 
scribing the composition of o phases, the one based 
on d-shell electron vacancy numbers fits the data 
considerably better than the one based on the total 
number of d and s electrons. An important condi- 
tion for the formation of the o phase is then the 
attainment of constant electron vacancy number per 
atom of approximately 3.4 to 3.6. 

Consideration of the temperature and composi- 
tion ranges of stability of various o phases suggests 
that the relative atomic sizes of the alloy compo- 
nents may also significantly affect « formation. It 
appears likely that an intermediate difference in 
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2.57 ? 2.5 2.5 2.49 

7 


atomic sizes is favorable, while too great difference 
restricts or even interdicts o formation. 
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N the classical picture of recrystallization the 

growth of strain-free grains at the expense of a 
strained and work hardened matrix is responsible 
for the softening of cold worked metals on anneal- 
ing. It has been commonly assumed that the release 
of the stored energy of cold work, softening, and re- 
orientation take place simultaneously, as the high 
angle boundaries of the new recrystallized grains 
sweep over the cold worked matrix. 

However, recent evidence indicates’ * that, at least 
in some cases, considerable or even complete soften- 
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Annealing of a Cold Rolled Aluminum Single Crystal 


by A. H. Lutts and P. A. Beck 


ing may take place essentially without reorientation 
(i.e., without the migration of ordinary high angle 
grain boundaries, or “recrystallization”) and the re- 
lease of most of the stored energy of cold work may 
precede softening. These cases suggest that the 
property changes, taking place during the anneal- 
ing of cold worked metals, may be associated with 
various distinct processes. The study of such situ- 
ations is of considerable interest, since quantitative 
data are still scarce. 

In the present work, isothermal softening curves 
were determined for a heavily rolled aluminum 
single crystal, under such conditions that no “re- 
crystallization” occurred until after complete soften- 
ing. The hardness data were correlated with X-ray 
diffraction pinhole patterns in order to detect any 
reorientation that may occur and with measure- 
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Fig. 1—Isothermal softening and recovery of line broadening at 
350°C of pure aluminum single crystal rolled in the (110) [112] 
orientation at room temperature to 80 pct reduction. The micro- 
hardness (DPHN) values are averages of five readings with 200 
gram load. The line broadening index (B) is defined as the ratio 
in percent of the intensity minimum measured between the two 
lines of the Cu Ka doublet, and of the intensity maximum of the 
Cu Ka, peak, both corrected for background intensity. 


ments of X-ray diffraction line broadening. The 
various data were obtained with the same set of 
specimens, cut from a single crystal and annealed 
to various periods of time. The hardness measure- 
ments and the pinhole patterns were repeated with 
three sets of specimens originating from three dif- 
ferent single crystals; all results were in good agree- 
ment. 

Experimental Procedure 


Single crystals of high purity aluminum,* approxi- 


* Impurities in weight percent: Si 0.0009, Fe 0.0014, Cu 0.0018, 
Mg 0.0004, Ca <0.0002, and Na <0.0005. 


mately 0.1x1x6 in., were prepared by solidification 
according to Noggle’s* procedure, oriented with (110) 
parallel to the large faces and [112] in the length 
direction, to an accuracy of about 1°. These crys- 
tals were rolled at room temperature to 80 pct R.A. 
in approximately 15 passes, with (110) in the rolling 
plane and [112] in the rolling direction. Confirming 
the findings of Barrett and Steadman‘ and of Liu 
and Hibbard’ with copper, the rolled single crystals 
preserved their original orientation, showing re- 
markably little scatter. It was found that specimens 
cut from these rolled crystals could be annealed ex- 
tensively without causing recrystallization to occur, 
provided that the cutting and all handling was done 
with great care and the cut edges of the specimens, 
as well as their rolled surfaces, were removed by 
etching. In these experiments the specimens, rolled 
to a thickness of 0.020 in., were etched on both sides 
prior to annealing until a thickness of about 0.010 in. 
was reached. 


Results 


Fig. 1 shows (curve DPHN) the microhardness 
values (averages of five readings with the Tukon 
Microhardness Tester, using a Vickers Diamond 
Pyramid indenter and 200 gram load) for a series 
of specimens cut from the same rolled crystal, as a 
function of the annealing time (in salt bath) at 
350°C. The kinetics of the isothermal softening 
might suggest that the mechanism was recrystalli- 
zation. However, pinhole transmission patterns 
(taken with unfiltered copper radiation at 48 kv, 
specimen to film distance 5 cm, collimator length 
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Fig. 2—Transmission 
pinhole pattern for 
the aluminum crystal 
as rolled. Unfiltered 
copper radiation at 
48 kv, specimen to 
film distance 5 cm, 
collimator diameter 
0.040 in., length 3 
in., integrating by 
parallel displacement 
of the specimen. 


Fig. 3—Transmission 
pinhole pattern for 
the aluminum crystal 
annealed 1300 sec at 
350°C after rolling. 
Conditions same as 
for Fig. 2. 


Fig. 4—Transmission 
pinhole pattern for 
the aluminum crystal 
annealed 1600 sec at 
350°C after rolling. 
Conditions same as 
for Fig. 2. 
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Fig. 5—Diffracted X-ray intensity as a function of Bragg angle 
for aluminum crystal as rolled. Unfiltered copper radiation, 
reflection from (220) plane. Receiving slit width 0.02° of arc. 


3 in., pinhole diameter 0.040 in., using an integrat- 
ing mechanism to cover a larger part of the speci- 
men volume) of all specimens up to 1300 sec anneal- 
ing period indicated no trace of reorientation. The 
pattern taken immediately after rolling (Fig. 2) 
was identical with the pinhole pattern (Fig. 3) of 
the specimen annealed for 1300 sec and completely 
soft. In preliminary experiments, the same results 
were obtained with two sets of similar specimens 
from another crystal, indicating good réproduci- 
bility of this behavior. The specimen annealed for 
1600 sec partially recrystallized (Fig. 4), without 
further softening. No attempt was made to ascer- 
tain whether or not it would have been possible to 
anneal for this length of time without recrystalliza- 
tion, by using even more careful techniques. 

Line broadening measurements were made with 
the same set of specimens, very carefully reproduc- 
ing the alignment of each specimen with respect to 
the goniometer axis of the General Electric XRD-3 
diffractometer used. The intensity of the beam dif- 
fracted by the (220) plane was measured point by 
point (slit width of 0.02° arc) as a function of 26 
by means of a GM counter and scaler. Fig. 5 shows 
the reflection of the Cu Ka doublet by the rolled 
specimen (within approximately 5 hr after rolling, 
stored at room temperature). Similar data for the 
specimen annealed 100 sec are shown in Fig. 6. The 
separation of the Cu Ka doublet was used as an 
index of line broadening, as suggested by Van Arkel 
and Burgers,’ B = (Imis. — I,)/(Imx. — I.) (where 
I.:.. is the intensity minimum measured between the 
two lines, I... is the intensity of the Ka, peak and 
I, is the background intensity measured at a 246 
value 2° higher than that of the Ka, peak). The 
results are shown in Fig. 1 (curve B). It is seen 
that the recovery of line broadening is essentially 
complete after 200 sec of annealing, when the hard- 
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ness drop is only a small fraction of the total 
(curve DPHN). If the line breadth is plotted in- 
stead of the index B, the results are very similar, 
but the accuracy is smaller, so that the points show 
somewhat more scatter. In this connection, it is 
interesting to note that the line breadth values 
measured in the present work are somewhat less 
than one half of those reported by Williamson and 
Hall.” For instance, the breadth of the Cu Ka, line 
reflected by (220) of annealed pure aluminum is 
given by those investigators as 12 min of arc. As 
seen in Fig. 6, the present work results in a breadth 
at half the maximum intensity for the same line of 
about 5.8 min of are. Presumably, the difference 
must be ascribed to smaller instrumental broaden- 
ing in the present work. 


Discussion 


The results prove that under conditions where 
recrystallization, that is, the growth of new grains 
of a different orientation, is prevented, complete 
softening (to the hardness level of soft-annealed 
polycrystalline material) of a heavily rolled alumi- 
num crystal may nevertheless take place by a differ- 
ent mechanism, not involving reorientation.t Since 


+ A similar observation with a Si-Fe crystal was mentioned in a 
discussion by Dunn.’ 


even the extent of the asterism in the pinhole pat- 
terns remains unchanged, it is clear that not only 
the principal orientation, but also the (relatively 
small) orientation scatter of the rolled crystal is 
essentially retained during softening. In view of 
information available from other work,’ it seems 
likely that the mechanisms of softening without re- 
orientation in a heavily deformed metal are recovery 
and subgrain growth (the latter being presumably 
identical with the process designated by Crussard as 


a | 
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Fig. 6—Diftracted X-ray intensity as a function of Bragg angle 
for aluminum crystal, annealed 100 sec at 350°C after rolling. 
Unfiltered copper radiation, reflection from (220) plane. Re- 
ceiving slit width 0.02° of arc. 
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“recrystallization in situ”). Work is now under way 
to check this point. 

The disappearance of line broadening in the be- 
ginning phase of annealing of cold drawn tungsten 
wire was shown qualitatively in the early work of 
Goeler and Sachs.’ Van Arkel and Burgers® found 
that line sharpening on annealing, at least in thori- 
ated tungsten wire, distinctly precedes recrystalliza- 
tion. In a recent paper, Williamson and Hall” as- 
cribed the process to recovery in aluminum and 
tungsten filings. However, the correlation of line 
sharpening with recovery and the lack of correla- 
tion with softening or recrystallization has not been 
convincingly demonstrated. Indeed, Averbach” in- 
dicated that the disappearance of line broadening 
on annealing of brass filings is a result of recrys- 
tallization. The present work demonstrates an ex- 
ample where not only the rate but also the kinetics 
of line sharpening is quite distinct from that of at 
least an important part of softening. Also, in the 
present case, the separation of line sharpening from 
“recrystallization” involving reorientation is more 
complete than in previously reported investigations. 
The experimental results on the kinetics of line 
sharpening (see curve B, Fig. 1) suggest strongly 
that the process is recovery, rather than one pro- 
gressing by nucleation and the migration of inter- 
faces. As found by Drouard, Washburn, and 
Parker," isothermal recovery of work hardening 
takes place at a rate that is highest initially and 
then decreases. Borelius, Berglund, and Sjoberg” 
found the same kinetics for the low temperature 
release of the stored energy of cold work, and 
Eggleston” obtained similar kinetics for the low 
temperature recovery of the electrical resistivity. In 
contrast to these recovery processes, which do not 
involve interfaces, it is typical for the kinetics of 
recrystallization, and for that of any process which 
may be described in terms of nucleation and inter- 
face migration,” that the rate at first increases, then 
it passes through a maximum and finally decreases. 

As shown in the case investigated, line sharpen- 
ing goes to practical completion in an annealing 
period less than one-sixth of that necessary for 
softening. The present results indicate that the 
imperfections responsible for line broadening may 
account, at most, for a small fraction of the total 
work hardening. Whether or not in this case some 
of the line broadening is due to lattice strain is not 
yet known. But it is clear that a large part of the 
work hardening is retained after annealing treat- 
ments where the material is certainly strain free, 
as far as can be determined from the line broaden- 
ing measurements. 

On the basis of their recovery characteristics, the 
lattice imperfections responsible for line broaden- 
ing may be clearly separated from the imperfec- 
tions, also introduced by cold working, which ac- 
count for the lattice disorientations causing Laue 
asterism. The present experimental observations 
appear to be consistent with the view that asterism, 
as well as a considerable part of the work harden- 
ing, are associated with the breaking up of the 
metal crystals during cold working into slightly dis- 
oriented domains, or subgrains, while line broaden- 
ing may be caused by lattice imperfections within 
the individual subgrains. On this view, then, it 
would follow that the interlocking system of sub- 
boundaries is considerabiy more resistant to anneal- 
ing than the imperfections dispersed inside the 
subgrains. 
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Conclusions 


1—It is possible to attain complete softening in a 
heavily rolled aluminum crystal without any “re- 
crystallization” involving the migration of high 
angle boundaries. 

2—The isothermal X-ray line sharpening of a 
heavily rolled aluminum crystal may be shown, 
under suitable conditions, to proceed much faster 
than and to follow kinetics quite distinct from that 
of at least an important part of softening and of 
“recrystallization” involving lattice reorientation. 
The kinetics of line sharpening are similar to that 
of various known recovery processes, which proceed 
without interface migration. 

3—In view of the significant differences in an- 
nealing behavior, it appears that the crystal imper- 
fections which account for line broadening in 
aluminum are distinctly different from those re- 
sponsible for the major part of work hardening. 
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An Investigation of the Systems Formed By 


Chromium, Molybdenum, and Nickel 


by David S. Bloom and Nicholas J. Grant 


An investigation of the Cr-Mo-Ni ternary system and attendant 
binaries has been completed. Some changes in the binary diagrams 


are shown to be necessary. The 1250°C section of the ternary and 
the liquidus surface have been delineated. A system of invariant 


ECAUSE chromium, molybdenum, and nickel 

are important not only as bases for alloying sys- 
tems but also as major alloying additions for other 
refractory metals, a study of the phase diagrams is 
of great interest and importance. In addition there 
are interesting features of theoretical value, a num- 
ber of which are of prime consideration in this 
work. The major aim was to determine the ternary 
phase diagram of these metals at and above 1250°C, 
with sufficient attention given to lower tempera- 
tures to permit an understanding of the conditions 
existing at 1250°C and above. 

To understand ternary systems it is essential that 
accurate information concerning the binary systems 
be available, which in turn presupposes thorough 
knowledge of the constituent elements. On the basis 
of this investigation not only were significant in- 
accuracies indicated in the binary systems but much 
consideration had to be given to one of the elements, 
that is, chromium. 

The observation has been made that chromium 
undergoes a crystal transformation at a temperature 
near its melting point. Much of the experimental 
data leading to the detection of this transformation 
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reactions existing above 1250°C has been suggested. 


and the effects of this hypothesis on the form of the 
Cr-Ni phase diagram have already been reported" * 
and will not be repeated here. 

The experimental methods employed in the in- 
vestigation have also been covered.’* The purity of 
the molybdenum utilized in this work showed by 
qualitative spectrographic analysis that chromium, 
copper, iron, silicon, and tungsten were present in 
quantities of 0.1 to 0.001 wt pet. 

During the course of the investigation more than 
100 melts were made, weighing from 150 to 200 
grams each. Each of these melts was sectioned for 
chemical analysis and for specimens for examina- 
tion in the as-cast and various heat-treated condi- 
tions by X-ray and metallographic means. 

All X-ray diffraction patterns reproduced here 
were made using chromium Ka radiation although 
iron and copper targets were used on occasions dur- 
ing the investigation. 


Experimental Results 


Mo-Ni-System: The most recent comprehensive 
investigation of the Mo-Ni system was made by 
Ellinger* in 1942; the diagram as shown in the 
American Society for Metals Handbook is based on 
his work. The work done on the system in this in- 
vestigation substantiated the general form of the 
diagram although some differences were observed. 
These are indicated by a comparison of Ellinger’s 
diagram and Fig. 1, the latter showing the results of 
pertinent thermal analyses made in this research. It 
can be seen in Fig. 1 that the eutectic composition is 
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Fig. 1—Central region of Mo-Ni diagram based on thermal anal- 
ysis data. 


indicated to be approximately 57.5 pct Ni-42.5 pct 
Mo; this differs from Ellinger’s value of about 54 pct 
Ni-46 pct Mo. Concomitant with the change in 
eutectic composition, a change in the liquidus curve 
was noted, as shown. 

A second discrepancy was found in the peritectic 
temperature. The temperature as determined by 
thermal analysis is about 1350°C; the temperature 
given by Ellinger was 1370°C. The temperature of 
the eutectic reaction was found to be 1320°C, con- 
firming Ellinger’s results. 

A third difference was found in the liquid com- 
position in equilibrium with the molybdenum sol- 
id solution at the peritectic reaction temperature, 
1350°C. Ellinger gave a value of about 48 pct Ni, 
whereas the best fit from this work is approximately 
53 pet Ni. 

It is difficult to decide which of the determinations 
is the more accurate. Ellinger made visual observa- 
tions on solid samples as they were being heated, 
while the determinations reported here were devel- 
oped from careful thermal analyses. Neither method 
can be claimed infallible, but it is felt that the 
values of the eutectic composition, the peritectic 
temperature, and the composition of the liquid at 
the peritectic temperature, which have been deter- 
mined here, are more nearly correct than Ellinger’s. 

Recently, in unpublished work, the composition 
limits of the MoNi intermetallic compound have 
been questioned, but from the results observed in 
this research the equiatomic composition is to be in- 
cluded within the composition range, at 1250°C. 

One further observation relative to the Mo-Ni 
system is that small additions of chromium raised 
the formation temperature of the compound Ni,Mo. 
This point was not pursued in detail, but results 
leading to this observation were obtained in the 
pertinent thermal analyses. Presumably the Ni,Mo 
field reaches a maximum temperature within the 
ternary system and then decreases, since the com- 
pound did not make its appearance in the 1250°C 
section of the ternary. 

Cr-Ni System: Most of the results on the Cr-Ni 
system have been published." Briefly, the diagram as 
presented showed a eutectoid reaction at about 
1180°C with eutectoid composition of about 65 pct 
Cr-35 pet Ni; the phase above the eutectoid reaction 
was suggested to be a high temperature, face-cen- 
tered cubic form of chromium labeled 8 Cr. In con- 

firmation of this phase diagram and the mechanism 
of transformation in near-eutectoid alloys, one item 
of interest is presented. 


262—JOURNAL OF METALS, FEBRUARY 1954 


It has been found that samples of near-eutectoid 
composition can transform from the high tempera- 
ture 8 Cr phase to the low temperature a Cr and 
7 Ni by means of an intermediate structure. This 
has been suggested previously.’ It has also been 
noticed that this transformation is strongly strain- 
sensitive. One rather interesting aspect of this 
transformation is revealed in Fig. 2. Fig. 2a shows 
the X-ray diffraction pattern obtained with chrom- 
ium radiation on a 60 pct Cr-40 pct Ni sample as 
quenched from 1250°C. The lines due to the 7 Ni 
phase are present, plus the lines ascribed to the 8 Cr 
phase. Fig. 2b shows a pattern from the same sam- 
ple after the surface had been lightly cold worked 
by polishing on fine emery paper. A shift in the 8 
Cr lines can be noticed, while the y Ni lines have 
almost disappeared as a result of the distortion. 

At this point it becomes necessary to consider the 
movements of lines of the chromium solid-solution 
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Fig. 2—Diffraction patterns from a 60 pct 
Cr-40 pct Ni alloy. Solid sample a—as 
quenched from 1250°C, electrolytically 
polished and etched; b—slightly cold worked 
by polishing; c—after annealing 30 min in 
boiling water; d—after an additional anneal 
of 15 min in lead at 360°C; e—after addi- 
tional anneal of 15 min in lead at 500°C. 
The latter is a composite pattern combin- 
ing the results of two different orientations 
of the specimen. 
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Fig. 3—Constitution diagram of Cr-Mo system from the Metals 
Handbook, ASM. 


phase in Fig. 2 and the structures responsible for 
these lines. The lines in Fig. 2b which are produced 
by the chromium phase no longer fit the pattern of a 
face-centered cubic structure because of the shift- 
ing in opposite directions which they have experi- 
enced. The pattern which they do fit, however, is 
that of a body-centered tetragonal structure; and 
this intermediate, transitional tetragonal structure 
is called a’ Cr. This follows of course because of the 
similarity between the body-centered cubic and 
body-centered tetragonal cells, and because the 
tetragonal structure apparently does collapse into 
the cubic structure under the appropriate condi- 
tions. It has been observed that the two a’ Cr lines 
tend to approach each other (indicating a decreasing 
c/a ratio) and merge to form the a Cr (110) line of 
the normal body-centered cubic phase. In any event, 
as soon as the 8 Cr (200) line, for example, shifts 
(as long as the 8 Cr (111) line shifts a commensur- 
ate amount in the opposite direction), it can no 
longer be called the 8 Cr (200) line but becomes the 
a’ Cr (110). Similarly, the 8 Cr (111) line becomes 
the a Cr (101) line upon shifting. And these 
e«’ Cr lines ultimately become one a Cr line as the 
structural changes are completed. 

Fig. 2c shows the pattern taken from the same 
surface after the sample had been annealed 30 min 
in boiling water. The only evident changes are the 
re-appearance of the y Ni (111) line and a slight 
shift in the a’ Cr lines. In Fig. 2d, the same sample, 
after being annealed an additional 15 min in molten 
lead at 360°C, shows an interesting development. 
The a’ Cr (110) line has split off an additional line. 
A similar effect is not noticeable in the (101) line 
mainly because the specimen was oriented so as to 
maximize the (110) line and the effect there. In 
Fig. 2e the split of the line becomes more evident, 
and one leg of the diffraction line has practically 
resumed the 8 Cr (200) position, while the other leg 
is well on its way toward assuming the a Cr (110) 
position. This seemingly indicates that on relatively 
low temperature annealing the intermediate phase 
follows two tendencies: 1—to transform in part to 
the low temperature a Cr form, and 2—to revert to 
the undistorted high temperature § Cr form. 

Cr-Mo System: The Cr-Mo system has been con- 
sidered to consist of a complete series of solid solu- 
tions with a minimum in the liquidus curve near the 
chromium end of the system (see Fig. 3, which is 
from the 1948 American Society for Metals Hand- 
book). Since the work on the Cr-Ni system had re- 
vealed that a transformation in pure chromium ex- 
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isted, it seemed advisable to examine the Cr-Mo 
binary more closely for evidence of the transforma- 
tion in this system. 

The point data from thermal analyses are shown 
in Fig. 4. These results indicated that the minimum 
in the liquidus curve is at a higher temperature and 
at a higher chromium composition than had pre- 
viously been held. The minimum appears to be at 
about 1860°C and at a composition of about 80 wt 
pet Cr. This agrees extremely well with the earlier 
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Fig. 4—Some results of thermal analyses in the Cr-Mo system 
showing the liquidus for the system. Solid-state reaction tem- 
peratures are developed from both heating and cooling curves. 


work of Potter, Putnam, and Grant," whose thermal 
analysis data for the liquidus are shown in Fig. 5. 
It will be noted in Fig. 4 that reactions are indi- 
cated in the solid state. A satisfactory explanation 
of these points is not easily advanced. It should be 
noted further that the points shown in Fig. 4 were 
developed from both heating and cooling curves so 
that they cannot be imputed to nonequilibrium 
cooling conditions. Because of the presence of the 
points under the minimum of the liquidus it is diffi- 
cult in this instance to see how these particular 
points can be connected in any way with the solidi- 
fication or melting processes. Though the connection 
is not clear, they are considered to be derived from 
the transformation detected in the pure chromium. 
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Fig. 5—Portion of the Cr-Mo liquidus from Putnam, Potter, and 
Grant." 


FEBRUARY 1954, JOURNAL OF METALS—263 


A 
2400 ‘ 
2200 
Fi 
is 


Wi 60 70 60 90 
Fig. 6—1200°C section of the Cr-Mo-Ni system as developed by 
Rideout et al.” 


A phase diagram for the Cr-Mo system which 
conforms to the thermal analyses and includes the 
chromium phase change is not easily constructed, 
nevertheless, it is clear that the Cr-Mo phase dia- 
gram as previously drawn (Fig. 3) cannot be con- 
sidered to be complete or correct. 

While many efforts were made to utilize the data 
to determine the diagram below the liquidus, all of 
them had a number of weaknesses. The data are 
thus presented without interpretation except for the 
drawing in of the liquidus surface showing the min- 
imum in agreement with the liquidus of Potter, 
Putnam, and Grant. 


Cr-Mo-Ni System: The scope of this portion of 
the investigation was to determine the liquidus sur- 
face of the Cr-Mo-Ni system as well as the 1250°C 
section. The examination of the binary systems was 
wider in scope, but only to afford an understanding 
of the conditions existing at 1250°C and above in 
the ternary system. 

1250°C Section: Several previous investigations 
in this system have been made but the most perti- 
nent one is that of Rideout, et al.” The presence in 
this system of the o phase had first been reported by 
Putnam, Grant and Bloom’ and also by Rideout et 
al.,, who also reported another ternary compound. 
This latter compound, of unidentified crystal struc- 
ture, was called the “P” phase. These authors de- 
veloped a portion of the 1200°C section of this sys- 
tem as shown in Fig. 6. The 1250°C section as 
developed in the present investigation is shown in 
Figs. 7 and 8, in weight percent and atomic percent, 
respectively. 

Except for the region adjoining the Cr-Ni system 
the diagrams are fairly similar in outline and 
broadly indicate: 1—that the o phase field dimin- 
ishes with increasing temperature, and 2—that the 
ternary intermetallic compound P moves toward the 
Mo-Ni binary with increasing temperature. There 
are significant differences, however, in the extent of 
the oa fields. 

The existence of the P phase was corroborated 
mainly on the basis of X-ray diffraction results, but 
a microstructure, one of many examined, of inter- 
est in this connection is shown. The diffraction 
lines as developed in this work are given in Table I 
in conjunction with the values of Rideout et al. 
(Some of the lines given by them but missing here 
may be £ lines.) These values were obtained from 
powdered specimens of alloys which had been held 


Fig. 7—1250°C section of the Cr-Mo-Ni system showing the heats which were used to determine the 
section. Values are in weight percent. 
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Fig. 8—Same 1250°C section as in Fig. 7, but with values in atomic percent. 


for over 100 hr at 1250°C before powdering. The 
powders were then sealed in Vycor capsules and 
placed in a furnace at 1250°C, held there for 3 min 
and air cooled. Unfortunately the cooling took about 
30 sec, and since the powder samples did not give 
exactly the same results as the lump samples, the 
method has been outlined. It was concluded that 
the cooling rate was not sufficiently fast for the 
powders to maintain the 1250°C equilibrium struc- 
ture. The main difference was in the indicated loca- 
tion of the P phase; the powder samples indicated 
the P field to be at a slightly higher chromium con- 
tent. 

This shifting of the P phase field with tempera- 
ture is further indicated by the microstructure of 
the as-cast 2 pct Cr-61 pct Mo-37 pct Ni alloy 
shown in Fig. 9. X-ray results show that at 1250°C 
the alloy consisted only of the 6 phase, but the as- 
cast microstructure shows four phases to be present. 
These are identified provisionally as being a solid 


Table |. 26 Values of Lines of P Phase Using Chromium Radiation 
and Vanadium Filter 


Values 


Values Values 
from Heat 61, 
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from from Heat 61, 
Rideout This 


etal.” Investigation 
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solution Mo in the center of the crosses, P phase 
surrounding the a Mo, & phase surrounding the 
P phase, and the matrix which is a eutectic of 6 and 
y Ni. The identification of the P and the 8 phases is 
of course difficult and is based in part on X-ray 
considerations which indicate that both phases are 
present. 

This order of solidification leads to the conclusion 
that at a temperature of 1250°C the P phase extends 
even closer to the Mo-Ni binary. Extrapolating this 
trend to lower temperatures would mean that the P 


Ni alloy as cast. The 
roughened material in the center of the crosses is a Mo sur- 
rounded by the P phase, which is in turn surrounded by the 
5 phase. The matrix is a eutectic consisting of 5 phase and 
+ Ni. Electrolytic polish and etch. X750. Area reduced ap- 
proximately 40 pct for reproduction. 
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Fig. 10—o phase parameter as a function of varying Cr-Mo com- 
position at a constant 30 atomic pct Ni, at 1250°C. 


phase would extend into the ternary system, and 
this is borne out by comparison of the two diagrams 
in Figs. 6 and 7. 

In the central area of the 1250°C section are 
shown the ternary o phase boundaries. From Fig. 7 
it can be seen that the field has a rather long, 
slender shape. When plotted in atomic percent (Fig. 
8) the field orients itself fairly closely along a line 
of constant nickel content, this axis being at about 
32 pet Ni. Thus it can be considered that the nickel 
atoms are present in a proportion of about one- 
third, while the chromium and molybdenum pro- 
portions vary over a rather wide range. This is 
thought to be not without significance, particularly 
since the width of the field at this temperature in 
terms of nickel content is so restricted. 

From theoretical considerations’ there is reason 
to suspect that « phase could form in binary Ni-Cr 
system at a composition near 67 pct Cr-33 atomic 
pet Ni, and this is substantiated by the position 
and shape of the o phase field in the ternary sys- 
tem. Extensive tests over a wide range of composi- 
tions, temperatures and long holding times, how- 
ever, failed to produce a in the binary Cr-Ni alloys. 
Apparently molybdenum has a powerful effect of 
promoting o formation as it is substituted for 
chromium. 

Fig. 10 shows the variation of the average of the d 
values of six of the strongest lines in the o phase 
pattern plotted as a function of chromium and mo- 
lybdenum contents under the assumption that the 
nickel content is constant at 30 atomic pct. There is 
a near-linear relationship indicated, considering the 
seatter of the heats. 

An additional point of interest is that the o phase 
in this system is considered to form directly from 
the liquid through a ternary peritectic reaction; and 
the elongated shape of the field assumes added in- 
terest because of the proximity of the 1250°C sec- 
tion to the peritectic temperature. This will be 
discussed in further detail subsequently. 

The work in the Cr-Ni binary system resulted in 
the acceptance of a eutectoid reaction in this sys- 
tem. This must of course be fitted into the ternary 
system. As was mentioned in the discussion of the 
Cr-Ni binary, the experimental difficulties involved 
in studying the high temperature phase were rather 
formidable. The presence of molybdenum in ap- 
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preciable amounts does not, unfortunately, increase 
the ease with which the high temperature chromium 
phase can be retained. 

From the study of the X-ray results and the per- 
tinent microstructures it can be definitely estab- 
lished that the two-phase field, y Ni plus a Cr, is the 
one which exists at 1250°C and not the alternative 
possibility, 7 plus 8 Cr. Further, the extent of the 
three-phase field, y Ni plus a Cr plus oa, can be laid 
out approximately by reference to the relevant 
alloys; the same applies to the two-phase field, y 
Ni plus a Cr. Unfortunately the fields involving the 
8 Cr phase cannot be laid down with accuracy. To 
illustrate this, two sample X-ray patterns are shown 
in Fig. 11 and are compared with a pattern of the 
two lower temperature phases, y Ni and a Cr (Fig. 
lla). Fig. 11b is from a 63.5 pct Cr-3.5 pet Mo-33 
pet Ni alloy; here lines of the y Ni phase and one 
line of the intermediate metastable a’ Cr phase are 
identified. It is deduced from this that at 1250°C the 
sample had consisted of y Ni plus 8 Cr, and that 
during the quench, or in preparation, the 8 Cr phase 
transformed to the a’ Cr state. Fig. llc is of a 66.5 
pet Cr-3.5 pct Mo-30 pct Ni alloy; the lines present 
here are ascribed to the a Cr and a’ Cr phases. How- 
ever, to conform to other results it is necessary to 
conclude that at 1250°C this sample was mostly 
8 Cr, but on cooling, or during preparation, the £ 
Cr phase again had partially decomposed. Though 
these patterns and other similar patterns are not 
entirely satisfactory for delineating the fields at 
1250°C, they do indicate conclusively that there 
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Fig. 11—a—Diffraction pattern of 60 pct 
Cr-40 pct Ni alloy as quenched from 
1150°C, showing lines due to y» Ni and 
a Cr. b—63.5 pet Cr-3.5 pet Mo-33 pct Ni 
alloy after 21 hr at 1250°C, then quenched 
in water. Surface mechanically polished, 
deeply electrolytically etched; shows lines 
due to y Ni and a’ Cr. c—66.5 pct Cr-4.5 
pct Mo-30 pct Ni alloy after 135 hr, at 
1250°C, then quenched in water. Surface 
sume as (b). Shows a Cr and a’ Cr. 
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ig. 12—Plot of liquidus temperatures and isotherms. 


Fig. 13—Proposed system of high temperature invariant plane of the Cr-Mo-Ni system above 1250°C. 


TRANSACTIONS AIME FEBRUARY 1954, JOURNAL OF METALS—267 


Me. 4 
Qee 
9 
00 
/ 
20007 
/ 
/ 
\ ° \ 
\ af 7 , \ \ es? 
\ 405° / \ 
/ 400° \ aap / hog 
\ / \ spor) / 
\ / / (360% \ \ 
4 the 
Mo 
a 
\ 
/ 
“Ay, 
AS \ 
\ 
\ 
BAX \/ \ | 
| 
1275% 
\ 
/ / 
\ / \ \ / 
\ 
\ / \ \ 
Ni cr 


[ 
1900 
? ‘6 5 4 3 2 ' ° 


TIME ~ MINUTES 
Fig. 14—Cooling curve of 9 pct Cr-79 pct Mo-12 pct Ni alloy. Time 
increases from right to left. The first change of slope is at about 
2120°C, the second at about 2045°C. 


does exist another phase at this temperature, lo- 

cated approximately as shown in Figs. 7 and 8. 
The Liquidus Surface: The liquidus surface was 

developed from the liquidus temperatures as deter- 


mined for each alloy by thermal analysis. The 
liquidus temperatures were taken to be the average 
of the cooling and heating values obtained at rather 
slow rates of temperature change. It was deter- 
mined experimentally that for the particular exper- 
imental setup used, a cooling rate of 10°C per min 
would yield data with an accuracy commensurate 
with the accuracy of the W-Mo thermocouple. At 
more rapid cooling rates the accuracy became 
poorer. In actual practice cooling rates of about 5°C 
per min were maintained. 

The liquidus surface as developed is shown in 
Fig. 12. No discontinuities are indicated in the 
isothermal lines, though in actuality some must ex- 
ist. The minimum melting point found was about 
1275°C in what is thought to be a ternary eutectic. 
The composition at this point is about 19 pct Cr- 
34 pet Mo-47 pct Ni. The maximum melting point 
found is that of pure molybdenum. There were no 
ternary compounds detected which melted with 
open maxima. 

System cf Invariant Planes: The development of 
the system of invariant planes existing about 
1250°C has been undertaken and a construction 
developed which is at least compatible with all the 
data available. Since extensive work was not at- 
tempted involving reactions occurring between 
1250°C and the liquidus temperatures, the synthe- 
sis must be accepted as somewhat provisional. The 
system as developed is reproduced in Fig. 13. In 
this construction the triangles and quadrilaterals 
representing the invariant planes are to be under- 
stood as being schematic rather than definitive. The 
scheme is reproduced mainly to assist others who 
may contemplate further exploration of the system. 

It will be noted that there is no three-phase field 
coming down on to the invariant plane at 1500°C 
denoting the 3/1 (peritectic) reaction whereby the 
@ phase is formed. The phases which would be in 
coexistence in this field are the liquid plus a plus 8 
phases. This field could be considered as originat- 
ing in the Cr-Mo binary system and then moving 
with falling temperatures to the location as shown, 
but the thermal analyses and as-cast microstruc- 
tures did not substantiate such a construction. The 
solution which did present itself, but is not shown 
because the evidence did not seem to warrant such 
a drastic innovation, was that there existed a three- 
phase field, a plus 8 plus liquid, which was based on 
a reaction occurring at very high temperatures in 
the Mo-Ni system. This would necessitate a high 
temperature transformation in molybdenum similar 
to the one which apparently occurs in chromium. In 
support of this hypothesis a cooling curve of an 
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alloy of 9 pct Cr-79 pct Mo-12 pct Ni is shown in 
Fig. 14. The arrest occurring at about 2045°C indi- 
cates a more complicated solidification process than 
is involved in a mere liquidus-solidus type of solidi- 
fication. 

It is because of this indicated solid state change 
in the above alloy and the solid state change indi- 
cated with Cr-Mo binary system that no attempt 
was made to introduce a phase diagram, other than 
the liquidus curve, for the Cr-Mo binary (Fig. 4). 


Summary 


1—The investigation of the Mo-Ni system has re- 
sulted in some changes in the phase diagram in the 
regions of the eutectic and peritectic reactions. 


2—tThe investigation of the Cr-Ni system has de- 
veloped interesting phenomena concerning the in- 
termediate structure associated with the eutectoid 
reaction. It has been shown that the retained high 
temperature phase can be decomposed by annealing 
or cold working near room temperature. © 


3—It has been concluded that the Cr-Mo system 
as presently accepted is incorrect, and while a defi- 
nite revision has not been developed, suggestions 
have been advanced for possible changes of the 
diagram. 


4—The 1250°C section of the Cr-Mo-Ni system 
has been developed, showing the rather interesting 
shape of the o phase field at this temperature. The 
existence of another ternary compound called the P 
phase has been corroborated. 


5—tThe liquidus surface of the ternary has been 
outlined. 


6—A possible system of invariant planes for the 
ternary system Cr-Mo-Ni is suggested. 
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Solid State Bonding of Aluminum to Nickel 


by S. Storchheim, J. L. Zambrow, and H. H. Hausner 


The solid state bonding of aluminum to nickel was studied as a 


function of temperature, pressure, and time at pressure. The initial 
results indicated that as the reaction conditions were varied, marked 
changes in tensile strength occurred. Plots of the log penetration 
coefficient vs the reciprocal of absolute temperature for various 


HE techniques of bonding different metals to 

each other include brazing, welding, welding by 
application of a molten phase, and solid state weld- 
ing without any molten phase present. This last 
technique, the pressing of metals either at room 
temperature or at some temperature below the melt- 
ing point of the metals to be joined, seems to offer 
interesting possibilities for bonding purposes. How- 
ever, this technique has not been completely investi- 
gated, and very little is known about the diffusion 
phenomena which occur during solid state welding. 
Some previous work on the effect of pressure on 
diffusion’ was inconclusive. 

This paper is concerned with an investigation re- 
garding the effect that the processing variables, such 
as pressure, temperature, and time at pressure, have 
in solid state bonding. The tests were made with 
aluminum and nickel and special emphasis was 
given to the strength of the bond between these two 
metals and to the intermetallic penetration rate dur- 
ing the bonding process. It seems that the effect of 
pressure on the intermetallic penetration is of par- 
ticular importance for practical purposes and this 
effect was therefore studied in detail. 


Procedure 


Apparatus: The means of solid state bonding used 
for this study was that of the hot-pressing technique. 
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Fig. 1—Hot pressing apparatus. 
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This method requires the equipment pictured in Fig. 
1 and involved the following procedure. 

The two metals to be bonded were placed in an 
aquadag lubricated 18-4-1 tool steel die, 16 in. high 
by 1.440 in. ID, between punches of 1.366 in. diam- 
eter made of the same material. A thermocouple 


1, J. Radavich and R. Smoluchowski: Influence of Pressure on 
Intermetallic Diffusion, Physical Review (1944) 65, pp. 62, 248. 
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Fig. 2—Typical tensile test specimen, actual 
size. 


well was located in the die body 3% in. from the top 
of the die while another well was located centrally 
in the bottom punch 8% in. from the bottom of the 
die. This die assembly was located in three cylindri- 
cal ceramic heating furnaces placed in tandem. Each 
furnace was individually controlled by a power 
transformer (Variac). The die and furnaces were 
in turn placed in a water-cooled, stainless steel pot 
which could be evacuated. On this was bolted a 
cover containing a centrally located Wilson seai 
with an 18-4-1 ram 1 in. in diameter running 
through it. After sealing, the pot was evacuated by 
a roughing pump to 200 microns pressure, after 
which a diffusion pump was used to bring the pres- 
sure down to 5 to 15 microns. At this pressure the 
furnaces were turned on. As soon as the furnaces 
started to heat up, out-gassing of the entire unit 
raised the pressure to 30 to 400 microns. By the 
time the specimens were at temperature ready to be 
pressed, approximately 30 min, the vacuum pumps 
had re-established the 5 to 15 micron pressure. Once 
the desired temperature was reached, the required 
pressure was applied for a predetermined length of 
time to the 1 in. ram through to the top punch and 
to the specimen. When the time had elapsed for 
keeping the specimen under pressure the pressure 
was released, the energizing coil current turned off, 
and the assembly allowed to cool. After cooling, the 
die was removed from the pot and the specimen was 
ejected. 

Specimen Preparation: Two different types of 
specimens were made for this investigation. One was 
for subsequent tensile test while the other was for 
determination of intermetallic penetration. The spec- 
imens were prepared as follows: 

Tensile Bars: Commercially rolled nickel pieces 
% in. thick and 1.366 in. in diameter were placed 
between commercial rod of 2-S aluminum % in. 
thick and 1.366 in. diameter. This sandwich in turn 
was slipped into a 2-S aluminum sleeve 1.344 in. OD 
and 1.370 in. ID. This sleeve lined the couple up and 
prevented the aquadag lubricant from getting in be- 
tween the Al-Ni interfaces. Immediately prior to 
the specimen assembly the nickel was abraded on its 
flat surfaces with 320 grit silicon carbide paper, 
producing clean, smooth surfaces. The aluminum 
was chemically cleaned just before assembly by: 
1—degrease in acetone, 2—distilled water rinse, 3— 
immersion for 3 min in 5 pet NaOH at 70° to 80°C, 
4—distilled water rinse, 5—immersion for 2 min in 
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50 pet HNO, solution at room temperature, and 6— 
distilled water rinse. 

Once the sandwich was hot-pressed and ejected, 
the specimen was machined, such that the aluminum 
sleeve was removed and the nickel and part of the 
aluminum on both sides of it were taken down toa 
diameter of 1% in. The remaining aluminum was 
then threaded, see Fig. 2, and the bar so produced 
was tested for tensile strength. In all instances the 
specimens broke during the test at the Ni-Al inter- 
face and never within the aluminum or nickel. The 
ultimate tensile strength values at times showed 
considerable scatter for a set of given reaction con- 
ditions. Because of this, as many as three to five 
specimens were made for a particular set of con- 
ditions. The trend of the average tensile strengths 
obtained was not as conclusive as was the trend of 
the maximum tensile strengths, the latter values 
being obtained under optimum reaction conditions. 
Therefore, the values of ultimate tensile strength 
given in this report are maximum values. 

Penetration Couples: The preparation of pene- 
tration couples was very similar to that of assem- 
bling the tensile bars; however, molybdenum strips 
% in. square and 0.001 in. thick were placed at the 
center of the Al-Ni interfaces as the couples were 
being assembled. The molybdenum strips were 
used as inert markers for they did not react with 
either the aluminum or nickel at the reaction con- 
ditions used. In addition, the molybdenum pre- 
vented Al-Ni interaction where it came between the 
aluminum and the nickel. In this manner, therefore, 
the molybdenum acted as reference lines for even- 
tual penetration measurements, i.e., the extent of 
penetration was measured from both sides of the Al- 
Ni interface, as defined by the molybdenum strips, 
up through and to the deepest penetration of the 
Al-Ni intermetallic compounds formed. 

Penetration Measurements and Methods of Calcu- 
lating Penetration Constants: After the assembly 
was hot-pressed and ejected from the die, a quarter- 
pie shaped section was cut from it, mounted, and 
measurements of thirty of the deepest penetrations 
into the aluminum and into the nickel were deter- 
mined microscopically. What was done was to pro- 
ject the image of the Al-Ni interface at 2000X mag- 
nification onto the screen of the metalloscope being 
used and measure the penetrations to the nearest 
64th of an inch. The thirty measurements were 
averaged and this average was then converted to 
centimeters. Once this value was obtained, the pene- 


Fig. 3—Typical penetration couple, actual 
size. 
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tration data were calculated from the following 


formulas: 
P = X*/t 


where X is the penetration in cm, t is time in sec- 
onds at temperature and under pressure, and P is 
the penetration coefficient in sq cm per sec. 
P = 
In P = In P, —Q/RT 

where P, is a temperature dependent constant, Q is 
the activation energy for penetration in cal per 
gram-atom, R is the universal gas constant, T is the 
absolute temperature of reaction, and In P, is the 
intercept on In axis of In P vs 1/T curve. 
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Fig. 4—AI-Ni tensile strength vs pressing temperature. 


A typical view of a sectioned penetration couple 
is shown in Fig. 3. 
Results 

Ultimate Tensile Strength: Effect of Pressing 
Temperature: The effect of pressing temperature on 
the ultimate tensile strength of Al-Ni couples was 
.first determined. Fig. 4 is a plot of the maximum 
ultimate tensile strength obtained vs varying press- 
ing temperatures. Three curves are shown, each 
representing specimens pressed at different applied 
pressures, namely, 2, 11, and 20 tons per sq in. (tsi). 
In all instances pressure was applied for a period of 
4 min. The curves show an increase in strength 
with increasing temperatures and specifically for the 
11 and 20 tsi pressures; the curves reach a maxi- 
mum, decline, and then indicate a leveling-off period 
at temperatures above approximately 550°C. 

It is observed that as the pressure increases, the 
maximum tensile strength achieved also increases. 
Both the 11 and 20 tsi curves exhibit maximum 
strength at approximately 500°C. (Some work done 
at 5 tsi indicated that maximum tensile strength also 
occurred around 500°C.) Note that the initial rising 
and falling slopes of each curve decrease in rate of 
rise and fall, respectively, as the pressure used de- 
creases. In addition, it is observed that the begin- 
ning of incipient bonding occurs at lower tempera- 
tures as the pressure is increased. 
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Fig. 5—AI-Ni tensile strength vs applied pressure held 4 min. 
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Effect of Applied Pressure: Fig. 5 shows the effect 
applied pressure held for 4 min has upon the maxi- 
mum ultimate tensile strength of Al-Ni couples. 
These experiments were carried out at a series of 
isotherms, specifically, 450°, 500°, 550°, and 600°C. 
Incipient bonding was found to occur at 400°C for 
pressures of 11 and 20 tsi. This is not shown on the 
illustration. 

At 450°C tensile strength is seen to increase rap- 
idly while at 500°C the bonding increases even more 
rapidly, and to much higher values for increased 
applied pressure. At 550°C the increase of tensile 
strength with applied pressure is much more gradual 
than at 500°C, and the curve shows a leveling-off 
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Fig. 6—AI-Ni tensile strength vs time at pressure (11 tsi) for 
various temperatures. 
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Fig. 7—Effect of temperature on Ni-Al penetration. 


portion. At 600°C the tensile strength starts out at 
a moderately high level and then as the pressure in- 
creases to 23.5 tsi it increases slightly. 

Effect of Time at Pressure: Fig. 6 is a plot of the 
maximum ultimate tensile strength vs time at 11 tsi 
pressure for a number of isotherms, namely, 500°, 
550°, and 600°C. All curves exhibited the same 
tendency, that is they rise, reach a maximum, and 
then decline. It can be seen that maximum strengths 
are developed when the specimen is held at pressure 
for approximately 4 min. It can also be seen that 
once again maximum strengths occur at the 500°C 
isotherm. 

Al-Ni Intermetallic Penetration: Effect of Pressing 
Temperature: Fig. 7 is a plot of the log of the pene- 
tration coefficients into aluminum and into nickel 
vs the reciprocal of the absolute pressing tempera- 
ture. These specimens were reacted at various iso- 
bars, namely, 5, 11, and 20 tsi, all held at pressure 
for 2 min. 

The upper three curves are for Al-Ni penetration 
into aluminum while the lower three are for Al-Ni 


Table |. Penetration Constants for Aluminum-Nickel Couples 
Hot-Pressed at Various Temperatures 


5 
Penetration 
Inte 


Activation energy, 
Q, cal/gram-atom 36,500 32,300 41,000 33,000 26,700 37,400 
P., sq cm per sec 13.0 46 58.9 5.3 2.7 31.6 
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penetration into nickel. (The top three curves are 
considered more accurate than the bottom three 
since the extents of penetrations were more readily 
measured.) Note that the curves are straight lines. 
This shows the penetration data of Al-Ni inter- 
metallics conform to the equation P = P,e”" and in 
turn shows the penetration effect is dependent upon 
the diffusion phenomenon. 

In addition, it is seen that the curves are displaced 
from each other, indicating that the isobar used has 
a definite effect upon the penetration rate. Table I 
is a tabulation of the calculated activation energies 
and P, values for the six curves presented. 

The three top curves of Fig. 7 are approximately 
parallel and the activation energies calculated for 
the three curves are about the same. This fact in- 
dicates that the activation energy for the above 
penetration phenomenon is independent of pressure 
applied while penetration is occurring. 

Fig. 8 is based on previously discussed tensile 
strength data and calculated penetration depths. 
Here the relationship between tensile strength and 
penetration is shown. Both curves are similar in 
general appearance in that they rise rapidly, de- 
cline, and then tend to level off. The greatest 
strength was attained when using 20 tsi although the 
decline in strength for this curve was much more 
rapid than for the 11 tsi isobar curve. In addition, 
the final strength of the level-off period, i.e., for 
greater penetrations, was lower for 20 than for 
11 tsi. 

Effect of Applied Pressure: Fig. 9 shows a plot 
indicating how the penetration coefficients of Al-Ni 
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Fig. 8—Tensile strength vs penetration into aluminum. 
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intermetallics into aluminum are affected by pres- 
sure. This was done at various isotherms, namely, 
500°, 550°, 575°, and 600°C. All the curves are ob- 
served to be straight lines with increasing slope as 
the temperature increases. It can be seen that the 
penetration rates decrease as the applied pressure 
is increased and that all the curves tend to approach 
a small range of pressures at “0” penetration rate. 

Actual experiments conducted at 500°C at pres- 
sures close to and above that required for “0” pene- 
tration rate confirmed the finding. That is, no inter- 
metallic formation was observed when sufficiently 
high pressure was used, as indicated in Fig. 10. 
Located on this figure are representative metallo- 
graphic pictures of the bond interface. The dark 
zone disappears between 11 and 20 tsi pressures and 
the light colored zone continues to diminish and 
tends to become discontinuous even at higher pres- 
sures. Finally, at 34 tsi no trace of either alloy zone 
can be seen. Unfortunately, it was not possible to 
make tensile tests at all the investigated points be- 
cause, as the pressure increased, exceptionally se- 
vere extrusion of the aluminum occurred in the 
already deformed die, and tensile bars were not 
readily hot-pressed. However, it should be pointed 
out that, with the disappearance of the dark zone, 
tensile strength rose over three times that obtained 
when both zones were present. 

Metallographic Results: Fig. 11 shows the effect of 
temperature and pressure upon the extent of forma- 
tion of intermetallic Ni-Al zone band widths. Fig. 
lla and b represents the effect of temperature. Both 
specimens were pressed at 5 tsi for 2 min, one at 
550°C, the other at 600°C. The zones for the 600°C 
specimen are much thicker than for the 550°C 
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Fig. 9—AI-Ni into aluminum penetration coefficient vs applied 
pressure. 
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Fig. 10—Penetration coefficient into aluminum at 500°C vs applied pressure. Area reduced approximately 75 pct for reproduction. 
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Fig. 1la—Unetched diffusion couple, 550°C, 5 tsi, 2 min. X1500. 
Area reduced approximately 25 pct for reproduction. 


specimen. Fig. 11b and ¢c shows the effect of pres- 
sure on zone thickness. Both specimens were pressed 
at 600°C for 2 min, Fig. 11b at 5 tsi and c at 20 tsi. 
The zones of the specimen pressed at 5 tsi are much 
thicker than those of the specimen pressed at 20 tsi. 

In most cases the presence of two distinct inter- 
metallic zones was seen, this for unetched specimen 
preparation. X-ray diffraction study suggests the 
dark zone, blue-gray, next to the nickel to be the 7 
phase, Ni,Al,. The other zone, next to the aluminum 
and light in color, has been tentatively identified by 
etching techniques as the 8 phase, Al,Ni. 

Practical Application of the Data Obtained: Fig. 12 
is a practical application of the penetration informa- 
tion that was obtained. Here is a plot of the time for 
Ni-Al to penetrate through a given nickel thickness 
vs the pressing temperature at 11 tsi applied pres- 
sure. The lower curve is for nickel % mil thick, 
while the upper curve is for nickel % mil thick. If a 
4 min pressing time is taken, it can be observed that 
the curve for % mil thick nickel is intersected at ap- 
proximately 578°C. This means that a nickel film of 
this thickness would be just completely diffused 
through at approximately 578°C at a pressure of 11 
tsi held for 4 min. A specimen was prepared and 
pressed under these conditions. Metallographic in- 
spection showed that the nickel was just completely 
diffused through, which tends to confirm the data 
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Fig. 12—-Time for Ni-Al penetration through nickel vs pressing 
temperature. 
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Fig. 1le—Unetched diffusion couple, 600°C, 20 tsi, 2 min. X1500. 
Area reduced approximately 25 pct for reproduction. 


obtained. It can be seen that % mil nickel provides 
a much greater factor of safety as far as being pene- 
trated by the Al-Ni intermetallics that form. In a 
like manner the time to penetrate a given aluminum 
thickness at various temperatures can be predicted. 


Conclusion 


It is possible, by use of the data obtained, to pre- 
dict tensile strength and resultant penetrations for 
Al-Ni couples made by the solid state bonding tech- 
nique used. 

Perhaps the most important findings were those of 
the effect pressure had upon tensile strength and 
penetration rates. The fact that embrittling inter- 
metallics can be prevented from forming by use of 
sufficiently high pressures is of paramount impor- 
tance. It is now conceivable to reconsider the evalu- 
ation of the bonding of various metals which pre- 
viously were rejected because of embrittling inter- 
metallics. 

This work has proved both of academic as well as 
of practical importance. Because of its potential 
meaning, a broad fundamenal program is being put 
into effect. This is being done in order to obtain a 
more basic theoretical understanding of the phe- 
nomenon discovered; i.e., the selective formation of 
alloys by proper pressure application during solid 
state bonding. 


Acknowledgment 


The work of A. Bartoszak and W. Marz in pre- 
paring all the hot-pressed specimens and of J. Nylin 
for his penetration measurements is hereby ac- 
knowledged. This work was done under AEC Con- 
tract AT-30-1 GEN-366. 


TRANSACTIONS AIME 


— 
wa 
4 
26 
20 
4 


Effect of Stress on the Creep Rates of Polycrystalline 


Aluminum Alloys Under Constant Structure 


by O. D. Sherby, R. Frenkel, J. Nadeau, and John E. Dorn 


A method is shown for the study of the creep rate dependence of 
metals on the applied stress under the condition of constant struc- 


ture. The method was applied to pure aluminum and to dilute 
solid solution alloys of magnesium, copper, germanium, zinc, and 
silver in aluminum. A linear relationship was found to exist be- 


LTHOUGH extensive creep data are now avail- 
able, the fundamentals of the creep phenomena 
are as yet only vaguely understood. Many attempts 
have been made to formulate theories for creep. 
But their agreement with fact has been disappoint- 
ing. It appears that merely pyramiding more of the 
same type of data that is now available will not pro- 
vide the essential aid toward formulating a better 
understanding of the complicated process of creep. 
Perhaps attempts to construct better models for the 
mechanism of creep might have to be tentatively 
abandoned until new types of definitive creep data 
are uncovered. The question therefore arises re- 
garding what type of data might be needed to pro- 
vide the essential knowledge for formulating better 
and more realistic theories of creep. 

Perhaps one source of the failure to uncover an 
adequate theory arises from the fact that practically 
all theories for creep and nearly all analyses of ex- 
perimental data on creep disregard the well-known 
fact that the structure of metals changes during 
creep. For example, it is customary in evaluating the 
effect of stress on the creep rate to correlate the sec- 
ondary creep rate with the applied stress. But, as 
has been demonstrated recently,’ the structures ob- 
tained during secondary creep tend to exhibit de- 
formation banding at high stresses and polygoniza- 
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tween the true stress and the logarithm of the creep rate. 


tion at the lower stresses. Consequently the stress- 
secondary creep rate relationships found in this way 
are not fundamental, inasmuch as they reveal not 
only the effect of stress but also the effect of differ- 
ences in structure on the secondary creep rates. 

It is the purpose of the study reported here to 
isolate the effect of stress alone on the creep rate 
in an attempt to provide new data for possible form- 
ulation of a better theory of creep. In addition an 
attempt will also be made to ascertain how struc- 
ture, temperature, and alloying might affect the 
stress-creep rate relationship. 

The procedure that was adopted was simple: A 
specimen was precrept at a given engineering stress 
o. (initial engineering stress during creep under 
constant load, namely the load divided by the initial 
area of the specimen) and temperature T to a se- 
lected engineering strain, e (engineering strain, 
namely, the instantaneous gage length minus the 
initial gage length divided by the initial gage 
length), at which time the true stress was reduced 
to some lower value of the true stress, o, (the true 
instantaneous stress, namely, the load divided by the 
instantaneous area). The instantaneous true creep 
rate, é, (the true strain rate; with «, the true strain, 
namely, the natural logarithm of the instantaneous 
over the initial gage length) following reduction 
of the true stress to ao, was then determined. Sec- 
ond, third, etc., tests were conducted under identical 
conditions except the stress was reduced to yet 
lower values, o,, os, yielding yet lower instantaneous 
creep rates, ¢, and é,. Inasmuch as the precreep con- 
ditions were identical in each series of tests, the in- 
stantaneous structures obtained immediately after 
reducing the stress were presumed to be identical. 
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Fig. |1—Typical creep curves for high purity aluminum showing creep 
rate dependence on the stress under constant structure conditions. 
T 422°K. 


This would not have been true, however, if the 
stresses were raised above the precreep stress be- 
cause changes in structure would probably be intro- 
duced by the rapid additional straining occurring 
when the stress is raised. 

Although the method is simple, certain factors 
need be considered in order to obtain accurate re- 
sults: 1—It might be suspected that creep recovery 
immediately following the reduction in true stress 
might interfere with accurate evaluation of the in- 
stantaneous creep rate. But preliminary studies 
revealed that the coarse grained aluminum alloys 
investigated here did not exhibit any measurable 
creep recovery for the test conditions involved even 
upon complete removal of the stress. 2—If the 
stresses are reduced too much, long times will be 
required to get accurate creep rates. During such 
intervals of time the structure might differ from the 
instantaneous one generated during the precreep 
treatment. Consequently the range of stresses avail- 
able for investigation are limited to those that give 
easily measurable instantaneous strain rates. 3— 
The major objection to the procedure arises from 
the fact that each point for the stress-creep rate 
relationship is obtained from a new specimen. Con- 
sequently sampling variations, which are known to 
be quite great for creep, are expected. 
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Fig. 2—Effect of true stress on the true creep rate at constant 
structure for high purity aluminum. 
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The solid solution aluminum alloys listed in Table 
I were used in the present investigation. Sheets of 
these alloys were homogenized, cold rolled from 
0.100 to 0.070 in. in thickness and then recrystallized 
to about the same grain size. The creep specimens 
were selected with their tensile axes in the rolling 
direction. All creep tests were conducted under con- 
stant load conditions. The strain was measured to 
+0.0001 and the initial creep stress was measured 
to +20 psi. 

Results 


Effect of Structure on the Stress-Creep Rate Re- 
lationship for Aluminum: A typical example of one 
series of tests on high purity aluminum is shown in 
Fig. 1. Each specimen was precrept under constant 
load to an engineering strain of 25 pct at an initial 
stress of o, = 3400 psi. When an engineering strain 
of 25 pct was reached the load was reduced to give 
new reduced true stresses of 4000 psi, 3750 psi, etc., 
and the instantaneous true creep rates were meas- 
ured as shown in the figure. Although difficulties 
were anticipated in determining the instantaneous 


Table |. Chemical Analyses and Grain Size of Alloys 


Chemical Analyses, 


Alley- Grain Size 
ing Diam- Wt Pct Impurities 
Ele- Atemic eter, - - 
ment Pet Mm Si Fe cu Mg Mo 
Al (99.987% ) 0.21 0.003 0.003 0.006 0.001 
Mg 0.554 0.25 0.003 0.003 0.007 
1.097 0.28 0.004 0.004 0.007 
1.617 0.26 0.003 0.004 0.006 
Cu 0.101 0.29 0.003 0.003 0.0006 0.001 
0.232 0.30 0.003 0.004 0.0006 0.001 
Zn 0.755 0.26 0.004 0.005 0.006 0.001 
1.616 0.26 0.003 0.005 0.007 0.001 
Ge 0.082 0.27 0.003 0.005 0.007 0.001 
0.145 0.26 0.003 0.006 0.007 0.001 
Ag 0.100 0.29 0.003 0.005 0.007 0.001 
0.194 0.29 0.003 0.006 0.007 0.001 


creep rate immediately after reducing the stress, all 
of the creep curves exhibited rather good straight 
lines over the initial intervals of creep following 
reduction of the stress. Consequently fairly reliable 
initial creep rates could be obtained for the various 
reduced stresses. Only negligible transient effects 
were noted in these experiments. 

The dependence of the true instantaneous creep 
rate on the true instantaneous stress for the struc- 
ture developed for a strain e of 25 pct at 422°K 
under a stress of «, = 3400 psi is shown by the upper- 
most curve of Fig. 2. These data suggest that for 
this structure 


é = K’e™ [1] 


where K’ is a constant and 1/B is the slope of the 
uppermost curve in Fig. 2. But since the creep rate 
must vanish when the stress is zero, it is possible 
that the stress-creep rate relationship is given by 


— Kainh Be [2] 


since e ”’ is known to be negligible for the relatively 
high stresses to which this study had to be limited. 
The question now arises as to what effect the 
structural changes that attend creep straining might 
exert on the parameters K and B. The rapidly de- 
celerating creep rate over the primary stage of creep 
suggests that those features of the structure that are 


TRANSACTIONS AIME 


— 
ose + 
my As. 


@ PURE ALUMINUM | 
© GERMANIUM M 
1400F— ~ COPPER | 
fo} MAGNESIUM | 
v ZINC 
| 


18 20 


19 16 
ATOMIC % SOLUTE 


£9 2.2 


Fig. 3—Effect of alloying elements on the parameter 1/B for 
creep. 


most pertinent to creep resistance are changing most 
rapidly in this range. This viewpoint has been con- 
firmed by X-ray and metallographic investigations 
on the structures of metals following creep.” * Con- 
sequently if structure influences the parameters K 
and B this effect should be found over the primary 
range of creep. Therefore additional series of tests 
were made at precreep strains of e = 0.09 and 0.15 
for the same conditions of temperature (422°K) 
and initial stress (0, = 3400 psi) as used previously 
for the tests precrept to e = 0.25. Whereas e = 0.25 
refers to the beginning of tertiary creep, e = 0.15 
refers to the beginning of secondary creep and e = 
0.09 to about the middle of the primary stage of 
creep. As shown by the three upper curves of Fig. 2, 
the slope of the stress vs logarithm of the strain rate 
relationship is independent of the precreep strain 
and therefore of the structure developed during 
creep of annealed aluminum. On the other hand, K 
is found to be structure-sensitive, decreasing with 
increasing precreep strains analogous to the de- 
crease in creep rate with strains for constant true 
stress-constant temperature creep tests. 

In an effort to ascertain whether the precreep 
stress influences B, the stress-creep rate curve was 
obtained following prestrain of e = 0.035 at 2800 psi 
and 422°K as shown by the fourth curve of Fig. 2. 
The first four curves illustrate that B of Eq. 2 is 
practically constant, independent of the various 
structures that are developed over ranges of pre- 
creep conditions. 

The factor B, which has been shown to be inde- 
pendent of structure, might depend on the creep 
temperature. In order to test this point two series of 
tests were conducted at 530°K at precreep stresses 
of «. = 2000 psi. As shown by the two lowest curves 


TRANSACTIONS AIME 


of Fig. 2, B also appears to be independent of the test 
temperature. 

Effect of Alloying: The effect of alloying on B was 
evaluated by the procedures previously described 
for pure aluminum for the various alloys identified 
in Table I. The data of Fig. 3 reveal that 1/B in- 
creases almost linearly with the atomic percentage 
of the solute element. Furthermore those elements 
that were previously shown to have the greatest 
effect on solid solution strengthening at low tem- 
peratures® also appear to exhibit the greatest effect 
on inhibiting creep insofar as they exhibit the great- 
est value of 1/B. The correlation between the ten- 
sile deformation strength at 5 pct strain at 194°K 
and 1/B for creep is shown in Fig. 4. Perhaps this 
correlation arises from the fact that 1/B as well as 
low temperature solid solution strengthening are 
both dependent on the strain-energy interactions 
and electronic interactions between solute atoms and 
dislocations. 


Discussion 


Most current theories for creep are predicated on 
the hypothesis that creep arises primarily from ther- 
mal activation of dislocations over a free energy 
barrier under the simultaneous action of an applied 
stress.“* A typical example of the formal develop- 
ment of such models for creep suggests that the 
creep rate ¢ is given by 


where A is the displacement of a dislocation per 
activation (assumed to be the lattice spacing in the 
direction of slip); N is the number of active edge 
dislocations per sq cm; k is Boltzmann’s constant; h 
is Planck’s constant; T is the absolute temperature; 
AS is the entropy of activation; 4H is the enthalpy 
of activation; A is the projected area of a dislocation 
on the slip plane; and o is the applied stress. 

Other theories for creep" * are based on the hy- 
pothesis that creep occurs when the localized stress 
over some arbitrary volume V exceeds an assumed 
yield strength o,. At high temperatures thermal 
fluctuations contribute to the local stress. The strain 
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Fig. 4—Correlation between 1/B for the various solid solution 
alloys and the flow strength at 194°K. 
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Fig. 5—Constant load creep tests for high purity aluminum.’ 


energy that must be supplied by thermal fluctua- 
tions when the applied stress is o is then 


(o,—a)'V 
2G 


where G is the shear modulus of elasticity. Conse- 
quently the creep rate is thought to be given by 


(go. @)* ¥ 


é=constante [4] 

Both of these popular theories for creep demand 
that the stress enter the creep rate relationship as 
stress (or some function of the stress) divided by the 
absolute temperature. The question arises as to 
whether these theoretical deductions agree with the 
facts. 

Recent investigations’ have shown that the struc- 
ture developed during high temperature creep under 
a given stress o, depends only on the temperature- 
compensated time @ = te*”’"" where t is the actual 
time, AH is the activation energy for creep, R is the 
gas constant, and T is the absolute temperature. Be- 
cause the X-ray, metallographic, and mechanical 
testing techniques used to verify this conclusion 
have already been reported’ they will not be re- 
peated here. Since the structure depends on the 
temperature-compensated time it is not unantici- 
pated that the creep strain was also found to be re- 
lated to @ in accordance with the equation 


C= f (0, 


as shown by the typical example given in Fig. 5. 
Extensive original research as well as reanalyses 
of data in the literature have verified the general 
validity of Eq. 5 for high temperature creep of non- 
precipitation hardening alloy systems." The activa- 
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Fig. 6—Correlation between the initial creep stress and the para- 
meter 
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tion energies obtained by these analyses were founda 
to be a fundamental property of the metal, being 
independent of the stress, temperature, grain size, 
structural changes occurring during creep, cold 
work or minor variations in composition. In fact the 
values of AH obtained from extant creep data for 
pure metals were found to equal the activation ener- 
gies for self-diffusion. 

Upon differentiating Eq. 5 with respect to time the 
creep rate is given by 

of dé 


= Fi(@ 
at (6, 


A preliminary check on the validity of Eq. 6 was 
obtained by its evaluation at the secondary stage of 


creep, where 
é, = F(6,, 0.) [7] 


But according to Eq. 5, or as shown by the data of 
Fig. 5, the value of @, is only a function of the creep 
stress o,. Consequently 


Z = F (o.) [8] 


where Z is the well-known Zener-Hollomon para- 
meter.” The validity of this relationship is con- 
firmed by the typical example shown in Fig. 6. This 
relationship has also been extensively verified.’ 
The evidence contradicting the validity of the 
two popular theories for creep as expressed by Eqs. 
3 and 4 is therefore quite emphatic. The e-@ relation 
and the Z parameter (as revealed by the evidence 
supporting the validity of Eqs. 5 and 8) are not 
functions of stress divided by temperature. Further- 
more, as shown by the data reported here, B of Eq. 2 
is independent of the temperature. The experi- 
mentally verifiable expression for the creep rate can 
now be obtained by combining Eqs. 2 and 6 to give 


é = Se**""" sinh Bo [9] 


where AH and B are constants that depend on the 
metal. All effects of structural changes during creep 
are contained in the S parameter. And in view of 
the validity of Eq. 5, S depends on @ and «a.. There- 
fore Eq. 9 is not a mechanical equation of state. Each 
new history of creep results in its unique value of S. 

Early in the history of creep Andrade" revealed 
that the creep curve could be considered as the 
superposition of two curves. This fact suggested the 
possible existence of two mechanisms of creep, 
namely quasi-viscous and transient creep. Recent 
investigations by McLean on polycrystalline aggre- 
gates” have shown that grain boundary shearing 
and motion of dislocations account for all of the 
macroscopically measured creep. Consequently sin- 
gle crystals appear to creep by slip alone. Since 
single crystals also exhibit the so-called transient 
and quasi-viscous creep,” “ the postulate that two 
mechanisms for creep exist will have to be aban- 
doned. Apparently the changes in structure that 
attend creep are responsible for the decreasing creep 
rate over the primary stage of creep. 

McLean’s observations that the total creep strain 
of polycrystalline aggregates results from the sum 
of the contributions of dislocation motion and grain 
boundary shearing suggest that the creep rate equa- 
tion should contain two additive terms. But for the 
coarse grained aluminum and the range of stresses 
that was investigated here, grain boundary shearing 
contributes only a few percent to the total creep 
strain.” Therefore the single term relationship given 
by Eq. 9 can yet be valid for the creep of polycrys- 
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talline aggregates over appropriate ranges of grain 
size and stress. Furthermore the activation energy 
for grain boundary relaxation of aluminum is equal 
to that for creep and self-diffusion.” ” And recent 
studies” have also shown that the extent of grain 
boundary shearing in polycrystalline aggregates is 
a function of the same @ parameter as obtained for 
the total creep strain. This coincidence of the acti- 
vation energies for slip and grain boundary shearing 
permits the use of single functional terms in Eqs. 5 
and 6 for the total creep strain and the total creep 
rate of polycrystalline aggregates. 

A satisfactorily detailed theory of creep cannot 
yet be formulated until more complete evidence is 
available on the kinds of structures that might influ- 
ence the creep rate and their quantitative effect on 
the parameter S. Nevertheless the fundamentals for 
formulating the major structural units of a satis- 
factory model of creep are now believed to be 
known. The popular models for creep based on 
thermal activation of dislocations over free energy 
barriers might have to be discarded for creep at 
elevated temperatures because they predict that the 
creep rate is a function of stress divided by temper- 
ature, whereas the facts suggest that the creep rate 
is proportional to the hyperbolic sine of a constant 
times the stress. Obviously the free energy of acti- 
vation for the rate-controlling process for creep is 
independent of the stress. Since the AH for creep is 
equal to the activation energy for self-diffusion, the 
rate-controlling mechanism for creep is probably a 
self-diffusion process. 

One possible process for creep” is as follows: 
Under the action of an applied stress a dislocation 
moves up to a barrier which it cannot surmount. 
This barrier might arise from a number of struc- 
tural factors such as grain boundaries, or disloca- 
tions trapped in block boundaries, etc. Both the 
barrier and the stopped dislocation might be modi- 
fied by the diffusion of holes resulting in a decrease 
of their mutual interactions. As this process con- 
tinues the strength of the barrier decreases to the 
value of the applied stress and thereupon releases 
the dislocation which then migrates to the next bar- 
rier. The distance of migration depends on the con- 
centration of barriers which in turn increases with 
creep straining. Consequently the S-term of Eq. 9 
is structure sensitive. Analysis reveals” that the 
B-term of Eq. 9 arises from the distribution of the 
fraction of the barriers having strengths o* to o* + 
do*. In order that B be independent of structure 
the reasonable assumption must be made that the 
distribution of the barrier strengths is independent 
of creep straining and depends only on the type of 
alloy under consideration. This theory also satisfies 
the requirement that the activation energy for creep 
equals that for self-diffusion. 


Conclusions 


1—A method was developed for determining the 
effect of stress on the creep rate of metals at con- 
stant structures. 


2—The equation for the creep rate was found to 
be 
é = Se**’** sinh Bo 


where AH and B are independent of the creep struc- 
ture and S is a parameter that depends on structure. 


3—The value of 1/B increases almost linearly 
with the atomic percentage of solute atoms. Fur- 
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thermore 1/B is a function of low temperature solid 
solution strengthening. 
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Plasticity of Molybdenum Single Crystals 


At High Temperatures 


by R. Maddin and N. K. Chen 


Single crystals of molybdenum were ex- 
tended at temperatures from 1300° to 
2500°C. It was found that with increasing 
temperatures, the yield becomes more 
pronounced and the number of slip bands 
for equal amounts of elongation de- 
creases. Slip at high temperatures frag- 


ments the structure. 


THER than the investigations on sodium and 

potassium by Andrade and Tsien,’ the re- 
searches of Steijn and Brick’ on a iron single crys- 
tals at low temperatures are about the only 
studies of the influence of temperature on glide of 
body-centered cubic single crystals. The effect of 
test temperature on glide has been rather widely 
investigated with hexagonal crystals’ and less 
widely with face-centered cubic crystals.‘ As a re- 
sult of these studies it can be said that, in general, 
the onset of plastic flow as measured by the initial 
rate of strain hardening becomes more abrupt with 
increasing temperature, and the value of the yield 
decreases with increasing temperature. Strain 
hardening, however, is markedly affected by 
changes in temperature except at very low and 
very high temperatures where the strain harden- 
ing rate becames constant. 

In the present investigation it is shown that 
temperature affects the glide of molybdenum sin- 
gle crystals in much the same manner as crystals 
of other classes, i.e., for comparable strains the 
number of slip bands decreases with increasing 
temperature; shear along the slip bands increases 
with increasing temperature; the yield becomes 
more pronounced with increasing temperature of 
test; and the strain hardening approaches a con- 
stant at very high temperatures. In addition, it is 
shown that, in agreement with the work of Tsien 
and Chow," slip occurs on {110} planes in <111> 
directions. It is further shown that slip at high 
temperatures fragments the structure into either 
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irregular sized cells or bent atomic planes which 
are roughly aligned in crystallographic directions. 


Experimental Procedure 


Single crystals 3 mm in diameter by about 25 mm 
long were prepared using the technique previously 
described. 

The furnace in which the crystals were grown 
served as the extension apparatus for the tension 
tests. It consisted of a 4 in. water-cooled brass tube 
20 in. long which was continuously evacuated at 
the bottom. Two water-cooled copper electrodes 
held the specimen by means of spherical collets 
secured in place in the electrodes by set screws. 
These electrodes served also to transmit power and 
stress to the specimen. The lower electrode was 
clamped to a stand, while the upper electrode was 
fastened to one side of a lever arm flexibly sup- 
ported at the top through a slightly offset pinion. A 
metal bellows operating elastically was attached to 
the upper electrode to affect a vacuum seal and allow 
freedom of motion. The level of the arm was adjusted 
by rotating a graduated nut. Rotation of the elec- 
trode was prevented by a key fitted into a groove. 
After the specimen was mounted and the vacuum 
secured, the lever arm was adjusted so that the 
bellows was at its relaxed position. This insured 
that the total weight of the specimen, the upper 
electrode, and the downpull of the vacuum were 
balanced by the horizontal beam. Since the speci- 
men was heated by its own resistance, expansion 
of the specimen proceeded freely by this arrange- 
ment. During the time of heating the specimen, the 
beam was maintained in a horizontal position by 
turning the nut at the top. By graduating the 
lever arm and using a known dead weight on the 
lever arm to supply a tensile stress, the graduated 
nut could be read to 0.0001 in. extension. Since 


TRANSACTIONS AIME 


| 


8 
/ 
| 


0.02 
STRAIN- % 


Fig. 1—Stress-strain curves for crystals extended at 1300°, 1500°, 
1800°, 2000°, 2300°, and 2500°C. 


the assembly acted in conjunction with an exten- 
sion bellows, the absolute stress and strain were 
not known with certainty. However, the compari- 
son of the stress-strain measurements for exten- 
sion of crystals at different temperatures could be 
taken as real since the error introduced through 
the flexible bellows could be taken as constant for 
all crystals investigated. 

The average integrated temperature of the spec- 
imen was measured from the change in its resis- 
tance with temperature based on a previous corre- 


°c 
Fig. 2—Plot of the slope of the stress-strain curves do/de vs tem- 
perature. 
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lation.” * At the desired average temperature, the 
current through and the voltage across the specimen 
were held constant during the extension. It should 
be emphasized that the “average” temperature re- 
ferred to herein may vary as much as +200°C. 

Before load was applied, the current through 
and the voltage across the specimen were observed. 
Load was applied only after a constant resistance 
was obtained. All tests were conducted for values 
of elongation of 10 pct or less to avoid necking 
which would produce hot spots in the crystals. 
Since close tolerance was maintained between the 
upper electrode and its housing, a certain amount 
of axiality was assured. Tests in the elastic region 
at 1500°C gave reproducible curves. 

The orientation of the crystals used were deter- 
mined by the back-reflection Laue method and re- 
ferred to a reference scratch at one of the ends of 


Tit Tw 


Fig. 3—Stereographic projection showing the initial and, in some 
cases, the final orientation of the crystals extended. 


the specimen. The reference scratch was also used 
for later metallographic and X-ray examinations. 


Results 

Stress-Strain: The results of tensile tests at the 
integrated average temperatures 1300°, 1500°, 1800”, 
2000°, 2300°, and 2500°C are shown in Table I and 
Fig. 1. The curves of Fig. 1 are plotted as unresolved 
stress vs strain. The orientation difference factor of 
all the crystals investigated is quite small if resolution 
of the stresses is made on the (101) [111] system. 
(The ratio of the maximum to the minimum resolu- 
tion factor is only 1.08, Fig. 3.) It can be seen (Fig. 1) 
that the yield becomes more pronounced with in- 


Speci- 
men No. perature,°C Kg per Mm* de (5-7%) 
MR-6 20° ~5 912 
Mo-57 1300 1.48 23 
Mo-52 1500 1.08 10 
Mo-570 1800 0.54 5 
Mo-132 2000 0.44 0 
Mo-172 2300 0.36 0 
Mo-159 2500 0.22 0 
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Approximate Stress da 
Wg, 


a—1800°C, at a position paraliel to the b—1800°C, rotated 70° clockwise from posi- 


reference mark. 


d—2000°C, rotated 90° clockwise from posi- §e—2300°C, at a position 22° from the ref- 


tion shown in c. erence mark. 


Fig. 4—Appearance of slip bands at 1800°, 2000 
reproduction. 


creasing temperature. The magnitude of the yield 
shows a 22 fold decrease with a temperature change 
of approximately 2500°C. These results can be com- 
pared with data for other metal single crystals shown 
in Table Il. The ratio of the flow stress at various 


Fig. 5—Plot of log of the number of slip bands per centimeter 
vs the log of the temperature. 
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¢—2000°C, at a position 45° from the ref- 
erence mark. 


f—2300°C, rotated 168° from position 
shown in e. 


*, and 2300°C. Stress axis is horizontal. X200. Area reduced approximately 50 pct for 


temperatures seems to approach a constant value 


for equal temperature increments. The data in 
Table II relate, for the most part, to the resolved 
shear stress values. For aluminum there may be an 
orientation factor which is not known; for molyb- 
denum, the orientation resolution factor is, again, 
quite small and the ratio of the flow stresses would 
eliminate the need for the resolution. 

The stress necessary to continue glide is mark- 
edly affected by temperature. In column 4, Table I, 
the slope of the stress-strain curves at 4 pct elon- 
gation is listed for the various tensile tests. The 
hardening coefficient (the slope of the stress-strain 
curve at 5 to 7 pct elongation) goes from zero near 
the melting point to about 91.2 kg per sq mm at 20°C. 
This is in agreement with results on other metal 
crystals. For example, the hardening coefficient for 
magnesium changes 400 fold within a temperature 
range of 485°C.’ In the case of hexagonal metal crys- 
tals and one face-centered cubic metal (aluminum), 
the dependence of strain hardening on temperature is 
most marked at intermediate temperatures; the strain 
hardening coefficient becomes approximately con- 
stant near absolute zero and the melting point.” * 
In the present case of molybdenum, this also ap- 
pears to be true, at least at high temperatures, as 
may be seen in Fig. 2 for temperatures from 20°° to 
2500°C. 

Slip Elements: The initial and, in some cases, the 
final orientation for the specimens investigated are 
shown in Fig. 3. Since the slip elements (the slip 
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d—After deformation at 1500°C. 
Fig. 6—X-ray photograms before and after deformation. 


plane and direction) for molybdenum at high tem- 
peratures were determined by Tsien and Chow’ for 
seven crystals at 1000°C to be (101) [111], further 
emphasis on determination of elements was con- 
sidered unnecessary. However, the slip direction 
was checked in two cases (Mo-57 and Mo-132, Fig. 
3) to be [111] and the slip plane was checked in two 
cases (Mo-172 and Mo-159) to be (101). 

With increasing temperature, the number of slip 
bands decreases and the shear along glide planes 


e—Before deformation at 2000°C. 


Table II." Relation of Yield Stress with Temperature for 
Different Metals 


T 
Metal ture, °C 


* Resolved shear stress values. 
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t—After deformation at 2000°C. 


increases. This is illustrated in Fig. 4 which shows 
the appearance of slip bands at different positions 
around the specimens for tensile tests at 1800°, 2000°, 
and 2300°C for elongations of 7, 5, and 5 pct respec- 
tively. Although there still is present the forking of 
bands characteristic of the slip bands on body-cen- 
tered cubic metals at room temperature, the bands 
are, in general, quite straight. A plot of the log of 
the number of slip bands per centimeter vs the log 
of temperature is shown in Fig. 5. Since the orien- 
tation resolution factor for all specimens is similar, 
no attempt has been made to calculate shear. Never- 
theless, there may be a “shear” factor which might 
affect the results shown in Fig. 5. If this curve is 
assumed to continue along the same line, there 
should be about 100,000 bands per centimeter (or 
0.01 micron apart) at room temperature for a crys- 
tal extended a comparable amount, i.e., 5 to 7 pct. 
It has been shown previously” that slip markings at 
room temperature appear as striae which cannot be 
resolved with the light microscope. Consequently, 
the spacing between slip bands at room temperature 
cannot be measured in order to check the value of 
100,000 bands per centimeter at 5 pct elongation. 
X-Ray: The X-ray reflections before and after 
deformation are shown in Fig. 6 for crystals ex- 
tended at 1300°, 1500°, and 2000°C. It is apparent 
that the deformation at elevated temperatures frag- 
ments the structure. This becomes more apparent 
from the Laue photograms in Fig. 7 which were 
taken at different positions around the specimen 
axis of Mo-57 extended at 1300°C. Careful examin- 
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” 
. 
a—Before deformation at 1300°C. b—After deformation at 1300°C. c—Before deformation at 1500°C. ‘ a: 
Wa 
an 
Yield, 
Gram per Ymax./ 
Mm: Ymin. 
—250 75° 
Ca 580 3.8 
330 20° 3 
Zn 530 4 
280 60° 
— 230 175° 
Mg 530 2.5 
300 76° 
Bi 250 2.3 
250 100° 2 
— 185 1800 ‘a 
Al —_——. 785 
600 200 
~5000° 
Mo — 2500 22 
2500 220 
_ 


b—Rotated 60° clockwise from reference 


d—Rotated 120° clockwise from reference 
mark. mark. 


e—Rotated 150° clockwise from reference 


c—Rotated 90° clockwise from reference 
mark. 


f—Rotated 180° clockwise from reference 
mark, 


Fig. 7—X-ray photograms at different positions around the specimen axis of M-57 extended at 1300°C. 


ation of the photograms indicates that there is a 
crystallographic order to this fragmentation since 
the spots are aligned in certain positions. 


Summary 

In the extension of molybdenum single crystals at 
high temperatures, it has been found that: 

1—The number of slip bands at approximately 
equal amounts of elongation decreases with increas- 
ing temperature and the shear along the bands in- 
creases with increasing temperature. 

2—The yield becomes more pronounced with in- 
creasing temperature of the tensile test. The strain 
hardening coefficient is greatly affected by tempera- 
tures up to about 2000°C; above this temperature 
it approaches zero. 

3—Slip occurs on {110} plane in <111> 
tions. 

4—Slip at high temperatures fragments the struc- 
ture; however it is difficult to determine whether the 
fragmentation results from the formation of irregu- 
larly sized cells or polygonized bent atomic planes or 
both. 


direc- 
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A Study of the Effect of Carbon Content on the Structure 
And Properties of Sintered WC-Co Alloys 


by Joseph Gurland 


The effects of variations of carbon content on the constitution 
and properties of sintered WC-Co alloys were studied. The grain 
growth of tungsten carbide during sintering was measured and it 
was shown that it takes place mainly by solution and reprecipitation 
of the carbide in and from the binder at the sintering temperature. 
It was found that the decomposition of W,Co,C by carburization 
during sintering is responsible for the formation of very large grains. 


HE properties of sintered WC-Co ailoys are crit- 

ically dependent upon their final composition and 
structure. Slight changes of cobalt and carbon con- 
tents and small variations of grain size result in 
marked changes of mechanical properties and per- 
formance of products. Previous investigators have 
studied the microstructure as a function of composi- 
tion’ and have dealt with the influence of cobalt 
upon properties.” The present work is concerned 
with the effect of carbon content upon constitution, 
microstructure, and grain growth during sintering, 
as well as upon the physical properties of sintered 
compacts. 


Phase Boundaries at the Sintering Temperature 


The WC-Co section through the ternary diagram 
W-Co-C has been studied by Wyman and Kelley,’ 
Takeda,” Sandford and Trent,’ and Rautala and 
Norton.” Two phases, namely WC and a cobalt-rich 
solid solution (8), appear in the sintered structure 
if the carbon composition corresponds very nearly 
to the theoretical carbon content of WC (6.12 pct C). 
But small deviations from the ideal carbon content 
will bring about the occurrence of either graphite 
or the double carbide W,Co,C (»). The » phase was 
long believed to be metastable, this conclusion being 
based mainly on the work of Takeda. More recent 
studies have shown that it is a stable phase of the 
ternary system,“ but the actual phase boundaries 
have not been established and there has been some 
discussion as to whether or not the » phase occurs 


J. GURLAND, Junior Member AIME, is Manager of Basic Re- 
search, Firth Sterling Inc., Pittsburgh. 

Discussion on this paper, TP 3705E, may be sent, 2 copies, to 
AIME by April 1, 1954. Manuscript, Sept. 14, 1952. New York 
Meetirg, February 1954. 
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Table |. Impurities in Sintered WC-Co Alloy 


Fe — 0.20 pct Ti — 0,007 pct 


Mo — 0.023 pet si — Trace 
S — 0.013 pet Sn — Trace 


Ta — 0.01 pet 


at some stage of sintering in the fully carburized 
alloys.” In view of this uncertainty it was thought 
advisable to undertake an investigation of the phases 
present during the sintering of WC-Co alloys. 

Commercially available tungsten, cobalt, and car- 
bon powders were used in the present study. A 
typical analysis of impurities in a sintered compact 
is reported in Table I. The desired carbon composi- 
tions were attained by varying the amount of carbon 
added to the tungsten during carburization and con- 
trolling the composition during sintering by packing 
the compacts into beds of mixed alundum-carbon 
powders of suitably selected ratios. The alloys were 
sintered in a hydrogen tube furnace at 1400°C, then 
brought to equilibrium at the temperature under 
investigation and quenched in water. The high tem- 
perature phases were identified by metallographic 
and X-ray diffraction techniques. The samples were 
etched with a 10 pct solution of alkaline potassium 
ferricyanide. 

The phase boundaries, established by metallo- 
graphic examination, are shown in Fig. 1, which is 
a vertical section through the ternary diagram at 
16 pct Co. The temperatures of the invariant planes 
at 1298° and 1357°C were established by Rautala and 
Norton. The vertical section shows that the three- 
phase field, WC + » + L, extends into the two-phase 
field, WC + L, but does not include the stoichiometric 
composition of WC. In practice this means that the » 
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CARBON CONTENT OF WC 
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CARPON CONTENT OF ALLOY (84% WC-16% Co) 


Fig. 1—Vertical section through ternary diagram W-Co-C at 16 pct 
Co. 


phase will form during sintering, and will be present 
at room temperature if the tungsten carbide contains 
less than 6.00 pet C. If the carbon content of WC 
is between 6.00 and 6.06 pct, the » phase will occur 
in the equilibrium structure within a narrow tem- 


perature range and can be maintained at room tem- 
perature only by rapid cooling. Figs. 2 and 3 illus- 
trate the difference in the appearance of the micro- 
structure of two samples of 6.04 pct C cooled at 
different rates from 1370°C. The black » phase ap- 
pears in the quenched specimen but not in the slowly 
cooled sample. If higher sintering temperatures are 
used, the » phase will precipitate during cooling 
through the critical temperature range and will de- 
compose at lower temperatures if the cooling rate is 
slow enough. If, however, the sample is quenched 
from the critical temperature range, the double car- 
bide will appear as a dark network around the car- 
bide grains (Fig. 4). 


Microstructure and Properties 


Metallographic examination of slowly cooled sam- 
ples indicates that in practice the composition range 
which will produce normal two-phase alloys of WC 
and Co at room temperature extends from 6.00 to 
6.10 pet C in WC. Graphite or W,Co,C will appear 
in the microstructure if the carbon content falls out- 
side this range. The microstructures of Figs. 5 and 6 
are a result of carburizing and decarburizing a 
normal sample by a similar amount, as measured by 
the change of carbon content in weight percent. The 
initial carbon content of WC in the alloy was 6.08 
pet; one sample was carburized to 6.40 pct (Fig. 5); 
the other was decarburized to 5.72 pet C in WC (Fig. 
6). Whereas the particles of graphite are small and 
well dispersed, the double carbide is concentrated in 
patches and displaces a considerable area of the 
binder phase. On continued decarburization at high 


Fig. 2—84 pct WC-16 pct Co alloy. 6.04 Fig. 3—Same alloy as Fig. 2, Quenched 


pct C in WC. Slowly cooled from 1370°C. 


x1500. 


Fig. 5—Graphite formed as a result ‘= 
carburizing a sintered alloy (84 pct WC- 
16 pet Co). X1500. 
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from 1370°C. X1500. 


Fig. 4—Same alloy as Fig. 2. Slowly cooled 
from 1540°C and quenched from 1370°C. 
X1500. 


Fig. 6—W,Co,C formed as a result of Fig. 7—Large grain of W,Co,C 
decarburizing a sintered alloy (84 pct X125. 
WC.-16 pet Co). X1500. 
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temperatures, the 7 phase tends to grow into large 
regular grains such as shown in Fig. 7. 

The effect of carbon content on the strength and 
hardness of an alloy of 84 pct WC-16 pct Co is 
plotted in Fig. 8. Graphite moderately decreases the 
strength and hardness. The double carbide brings 
about a drastic reduction of transverse strength. The 
hardness is reported as Rockwell A (60 kg load). 
The transverse rupture strength was determined by 
loading at the center of a 9/16 in. span. Each point 
represents the average of at least three measure- 
ments. 


Grain Growth 


The grain size of the tungsten carbide constituent 
of sintered alloys is controlled in practice by the 
adjustment of a number of process variables extend- 
ing back to the ore," but it is finally determined by 
the extent of grain growth taking place during the 
sintering operation. Three mechanisms have been 
proposed for the increase of grain size during sinter- 
ing: 1—solution and reprecipitation of tungsten car- 
bide in and from the binder during the heating and 
cooling cycle,* 2—transfer of carbide from small to 
large grains by diffusion through the liquid binder 
at the sintering temperature,’ and 3—coalescence of 
adjacent tungsten carbide grains." 

The last theory was first advanced to account for 
the occasional appearance of very large grains in 
localized areas of the microstructure. 

In order to distinguish among these possibilities, 
a brief quantitative survey of grain growth during 
sintering was undertaken. The grain size of the sin- 
tered compacts was determined by a method of 
linear and planar sampling derived independently 
by a number of workers, among them F. N. Rhines, 
from whom the method was first obtained.” The un- 
derlying principles have been discussed by Smith 
and Guttman.” Both the number of dispersed grains 
per unit volume and their total surface area are 
derived from linear and planar grain counts on a 
metallographically prepared surface by the follow- 
ing relations: 


N,;’ 
Ny = — 1 
[1] 
S = 4N,r° [2] 


where N, is the number of grains in a volume 17’; 
N, is the number of grains along a line of length r; 
N, is the number of grains within an area r*; and 
S is the total surface area of grains in volume r’. 
An average diameter was calculated, assuming 
spherical grains. The last requirement is, of course, 
not satisfied by the angular tungsten carbide grains, 
but it was assumed that the error introduced by the 
shape factor is smaller than the reproducibility of 
the method, which is + 5 pct. Approximately 1000 
grains were counted on one field, at X1500, for each 
sample. The particle size of tungsten carbide pow- 
der was obtained by the same method from copper- 
infiltrated compacts or from powders mounted in 
bakelite. These measurements agreed, within 10 pct, 
with results from permeability measurements 
(Fisher Sub-Sieve Sizer) on the same powders. 
For the purpose of evaluating the change of par- 
ticle size distribution with sintering time, the grains 
on the polished surface of sintered compacts were 
classified into size ranges according to their largest 
visible dimension. This information was converted 
to particle size distribution by the statistical treat- 
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Fig. 8—Effect of carbon content of WC on strength and hardness 
of 84 pct WC-16 pct Co alloy. 


ment of Scheil.” The distribution is reported on the 
basis of frequency. 

1—Grain Growth in Two-Phase Alloys of Normal 
Carbon Content: The grain growth of normal WC- 
Co alloys was determined for a number of composi- 
tions, sintering temperatures, and sintering times. 
The effects of cobalt composition and temperature 
on final grain size are shown in Fig. 9. The effects 
of sintering time and initial particle size on final grain 
size are presented in Fig. 10. The grain growth was 
also found to be a function of the initial particle size 
distribution of the powder, as illustrated in Table II. 
The change of grain size distribution with sintering 
times is shown by the curves of Fig. 11. 

On prolonged sintering, the tungsten carbide 
grains take on characteristic angular shapes. A plot 
of the frequency of angular measurements on the 
polished surface vs the angle (Fig. 12) has a decided 
maximum at 90°, indicating that the grains tend 
toward rectangular shapes. The major fraction of 
the measured values on the polished surface is as- 


AVERAGE DIAMETER, MICRONS 
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Fig. 9—Grain growth during sintering (1 hr at temperature). 
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Fig. 10 —Grain growth at 
1400°C of 84 pct WC-16 
pet Co alloys from fine and 
coarse WC powders. 
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Fig. 11—Change of grain size distribution with sintering time at 
1400°C. 


sumed to correspond to the preferred range of the 
actual grain angles." Approximately 1000 carbide 
grains were measured after sintering 100 hr at 
1400°C. 

2—Effect of Carbon Content on Grain Growth: 
The rate of grain growth increases with the carbon 
content of the alloys Three batches of tungsten car- 
bide of 5.84, 6.04, and 6.14 pct C were mixed with 
16 pct Co and sintered at 1400°C. The carbide pow- 
ders were all initially of the same average diameter 
(1.33 micron). The grain size during sintering in- 
creased as shown in Fig. 13. 


Table Il. Effect of Particle Size Distribution of WC Powder on 
Grain Growth During Sintering (1 Hr at 1400°C) 


Particle Size Distribution* 

ticle Diameter, by Weight, Microns, Before Diameter 
Microns, Be- Sintering After Sin- 
fere Sintering 1-3 8-10 tering, Microns 


Average Par- Average Grain 


47 


* Particle size distribution of carbide powder determined by sedi- 
mentation technique. 
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3—Effect of a Change of Carbon Composition 
During Sintering: An increase of carbon content 
during sintering of a sample of normal composition 
also results in a larger grain size. For example, 
three compacts of normal carbon content, and 2.5 
microns initial particle size, were sintered under 
carburizing, neutral, and decarburizing conditions. 
The grain sizes, after 8 hr sintering, were respec- 
tively 3.9, 3.7, and 2.8 microns. After these sinter- 
ing treatments, the carburized sample had increased 
in carbon composition from 6.08 to 6.58 pct, whereas 
the decarburized sample had a final carbon content 
of only 5.77 pet C in WC. 

A distinct effect was noticed when the alloy was 
initially deficient in carbon but carburized during 
sintering. Such conditions lead to the appearance of 
scattered large grains superimposed upon a more 
uniform and smaller grain structure. An extreme 
example of this effect is shown in Fig. 14, which il- 
lustrates the large grains formed by sintering a 
carbon-deficient alloy for 100 hr at 1400°, during 
which time the carbon content of the tungsten car- 
bide increased from 6.03 to 6.30 pct. That this effect 
is dependent upon the rate of carburization is shown 
in Figs. 15 to 19. The carbon diffusion gradient from 
the surface to the interior of the compacts was va- 
ried by adjusting the composition of the packing 


FREQUENCY, PERCENT 


ANGLE, DEGREES 
Fig. 12—Distribution of WC grain angles after 100 hr at 1400°C. 
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material. The number and size of the large grains 
increase with the carbon content of the packing 
material until the nonuniform grain growth is most 
pronounced with a 50 pct alundum-50 pct carbon 
mixture. Greater percentages of carbon bring about 
a reduction in the extent of nonuniform grain 
growth. The micrographs of Figs. 15 to 19 show in- 
creasing amounts of graphitic carbon as the carbon 
concentration in the packing material is raised. This 
nonuniform grain growth was only observed if the 
alloy composition was initially within the ternary 
field, WC + » + L. The large grains were not pro- 
duced by carburizing an alloy of normal carbon 
content. 


Discussion of Results 

Although the » phase will not appear in fully car- 
burized alloys, the location of the phase boundaries 
accounts for the decomposition of » on cooling ob- 
served by Takeda, if it is assumed that his composi- 
tions were slightly carbon deficient. 

In agreement with industrial practice, it was 
found that the best properties are produced if the 
carbon content is as near as possible to that corre- 
sponding to a fully carburized WC. Even small 
deviations from the optimum carbon content strong- 
ly affect the physical properties because of the pres- 
ence of undesirable phases in the microstructure. 
The effect of the double carbide W,Co,C is much 
more marked than that of graphite. The particles 
of graphite are small and relatively isolated, but a 
deficiency of carbon brings about the precipitation 


Fig. 14—Nonuniform grain growth after 
100 hr sintering. X600. 


Fig. 15—84 pct WC-16 pct Co alloy of 
initially 5.84 pet C in WC. Sintered 3 hr 
at 1400°C. Packing material: 90 pct 


AVERAGE DIAMETER, MICRONS 


SINTERING TIME, HR 
Fig. 13—Grain growth as a function of carbon content. 


of W and Co as W,Co,C, which not only reduces the 
effective contribution of WC to the strength, but also 
embrittles the structure by replacing the binder 
with a brittle skeleton of ». The hardness of the 
double carbide is intermediate between that of WC 
and binder, it increases the hardness of the alloy 
only if it is present in small amounts and is well 
dispersed. 


Fig. 16—Same alloy and sintering condi- 
tions as Fig. 15. Packing material: 75 
pet alundum-25 pet C. X1500. 


alundum-10 pet C. X1500. 


Fig. 17—Same alloy and sintering condi- 
tions as Fig. 15. Packing material: 50 
pet alundum-50 pet C. X1500. 
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tions as Fig. 15. Packing material: 25 
pct alundum-75 pct C. X1500. 


Fig. 19—Same alloy and sintering condi- 
tions as Fig. 15. Packing material: 10 
pet alundum-90 pet C. X1500. 
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The grain size of tungsten carbide increases with 
sintering time, although the rate of increase slows 
down after prolonged sintering periods. The in- 
crease of average grain size on short time sintering 
(10 min) is so small that it falls within the experi- 
mental error (0.2 micron). The major part of the 
grain growth during sintering must therefore take 
place at the sintering temperature and not during 
the heating and cooling cycles. The increase of grain 
size as a result of solution of WC in the binder on 
heating, followed by subsequent precipitation on 
cooling, is estimated to be less than 0.1 micron for 
grains of 2.0 microns average diameter in an alloy 
of 84 pet WC-16 pct Co. This assumes that the car- 
bide dissolves only from the smallest grain fraction 
and that precipitation occurs only on the largest 
grains. 

The grain growth at temperature takes place 
mainly through the disappearance of the fine grains 
and the increase in number and size of the large 
ones. This process is accelerated by higher tempera- 
tures, greater binder contents, and smaller grain 
size. It is also influenced by the original particle size 
distribution of the powder, the most nonuniform 
powders showing the greatest increase of average 
grain size during sintering. With increased sintering 
times, the carbide grains tend to form rectangular 
parallelopipeds. The interfacial energy between 
tungsten carbide and binder is expected to be a 
function of surface orientation since hexagonal crys- 
tals are strongly anisotropic and certain crystallo- 
graphic planes may be favored to form the grain 
surfaces. In the case of tungsten carbide, grain 
growth results in a decrease of interfacial energy 
not only by reduction of interfacial area, but also 
by the formation of low energy habit planes at the 
liquid-solid boundary. 

In general, the rate of grain growth increases with 
carbon content. The smaller grain size of low car- 
bon compositions may be caused by a reduction of 
the amount of liquid binder, which accompanies the 
formation of the double carbide, W,Co,C. But the » 
phase may also act as a grain growth inhibitor, es- 
pecially since it forms preferentially at the carbide- 
binder interface. 

The nonuniform grain growth seems to be defi- 
nitely associated with the elimination of the » phase 
by carburization. The growth of the large grains 
may be visualized by assuming that the reaction 


W,Co,C + 2C + 3WC + 3Co 


takes place at a few preferred locations in the 
microstructure, where the WC grains will start to 
grow preferentially at the expense of the disappear- 
ing double carbide. About 15 pct of the WC present 
takes part in the formation and decomposition of the 
double carbide in the alloy composition under dis- 
cussion. The process is favored by a slow rate of 
carburization because the deposition of WC will oc- 
cur in place if the composition changes drastically. 

It is probable that the mechanism demonstrated 
above is not the only one which can bring about the 
formation of large grains. Other factors, such as 
impurities, trace elements, and temperature varia- 
tions, may locally alter the liquid-solid interfacial 
equilibrium and result in nonuniform grain growth. 
Sometimes two or more grains show extensive areas 
of contact. Such grain boundaries must be of low 


interfacial energy so as not to be dissolved by the 
binder. 


This suggests that the crystallographic 
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orientation of the adjacent grains are related by 
having nearly parallel or twinned orientations. Such 
relations have been observed with inorganic crystals 
and are brought about by either coalescence of 
existing grains of parallel or twinned orientations” 
or by the growth of crystals of twinned orientation 
from a common seed.” Unfortunately, the tungsten 
carbide grains are so small that orientation meas- 
urements on individual grains by X-rays are not 
possible. 
Summary 


1—A re-examination of the phase diagram in the 
sintering range indicates that the double carbide 
appears as a stable phase, in a narrow temperature 
range, during the sintering of slightly carbon-de- 
ficient WC-Co alloys. 

2—The carbon content of WC-Co alloys very 
strongly influences the properties of sintered com- 
pacts. A deficiency of carbon will affect the prop- 
erties much more drastically than an excess of 
carbon because of the formation of the double car- 
bide W,Co,C. The » carbide reduces the strength by 
displacing the binder from the sintered structure. 


3—The grain size of WC in the sintered structure 
increases with sintering time, sintering temperature, 
amount of binder, carbon content, and inhomo- 
geneity of particle size distribution. The rate of 
grain growth decreases with larger initial grain size 
of the carbide powder. 

4—The major part of grain growth takes place 
isothermally and is characterized by the disappear- 
ance of the smallest grains of WC and the increase 
in number and size of the largest ones. 


5—Carburization of a carbon-deficient alloy dur- 
ing sintering results in nonuniform grain growth. 
This is associated with the disappearance of the » 
phase. 
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Orientation Relationships in Cast Germanium 


by W. C. Ellis and Jacqueline Fageant 


All major regions in a progressively solidified germanium ingot 


were related through successive orders of octahedral twinning. The 
occurrence of lineage structure and the generation and survival of 


orientations are discussed. 


HEN metals solidify in a temperature gradient 

a preferred orientation, or casting texture, 
usually develops. For example, in face-centered and 
body-centered cubic metals, most of the solidifying 
crystals have a cube axis, <100>, aligned approxi- 
mately in the freezing direction.’ In the solidifica- 
tion of diamond cubic metals this is not the case, 
since there is a natural tendency to form twin orien- 
tations.” * In this paper, twinning relationships in 
cast germanium are described; some conclusions 
with respect to nucleation and survival of new ori- 
entations are discussed. 

In the first experiment, an ingot of high purity 
germanium, %% in. in diameter and 1% in. in length, 
was formed by progressive solidification‘ from the 
bottom. The ingot was cut into 21 slices, each cir- 
cular and about 0.030 in. thick. The top surface of 
each slice was polished and etched to reveal the 
regions of different orientations. Orientations were 
determined by the Laue X-ray back-reflection 
method. The uncertainty in the determined orienta- 
tion relationships was 1° or 2° when separate slices 
and films were involved. Frequently, however, ad- 
vantage was taken of illuminating across a bound- 
ary when the patterns of the two orientations were 
recorded on the same film. The uncertainty then 
was less than 1°. Often the twin relation was evi- 
dent from common zones or individual reflections. 
Twin relationships were recognized through com- 
parison of the values of the nine angles between 
cube poles of the two orientations with those cal- 
culated for successive orders of octahedral twinning. 

The birth and survival of each region can be re- 
constructed by visual examination of the etched 
slices shown in Fig. 1. In slice 21, where solidifica- 
tion began, many regions are present; these regions 
were found to be twin-related. Solidification ap- 
pears to have started from one nucleus formed prob- 
ably at the wall of the crucible.* Subsequent ori- 

° The assumption is made that the observed twinning occurred 
during the solidification process rather than by subsequent trans- 
formation or recrystallization in the solid. There is substantial evi- 
dence in support of this assumption. Structural transformations have 
not been reported in solid germanium. E. S. Greiner in unpublished 
work has not found evidence, in careful thermal analyses, of 
transformations in the solid near to the melting point and for 
temperatures down to 500°C. Long annealing near the melting 
point by E. S. Greiner and these authors has not induced recrys- 
tallization in plastically deformed germanium other than that 
which may be described as pelygonization. There remains a possi- 
bility that the twinning occurred in the cooling solid; but the dis- 


cussion of nucleation and survival given applies substantially to this 
case as well. 
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entations were developed by nucleation on existing 
solid surfaces, and only in the twin relationship. 
This is an example of a general process of nucleation 
on a surface of existing solid and may be descrip- 
tively termed oriented nucleation.t In germanium, 

+The term, oriented nucleation, has been used in connection 


with recrystallization® where the nucleus of a new orientation bears 
a unique relationship to a prior orientation. 


and other diamond cubic substances, the orienting 
habit is that of twinning on an octahedral plane.” * 

The prevalence of straight traces in the polished 
surfaces of succeeding slices (Fig. 1) suggests that 
the twinning observed in the first slice persisted 
throughout solidification. This was confirmed by 
X-ray determinations. The schematic diagram of 
Fig. 2 shows the twinning relationships of the major 
regions throughout the ingot. Since all observed 
relationships are describable as twinning, it is rea- 
sonable to conclude that no random nucleation oc- 
curred in the freezing of the ingot. An alternative 
possibility would be that nucleation of a random na- 
ture occurred, but only those nuclei in twin orienta- 
tions survived in subsequent growth. This is unlikely 
for there would be as good a reason for the growth 
of randomly oriented nuclei as for the growth of the 
many different orientations present after several 
orders of twinning. The many twin components 
contain a wide distribution of orientations, and did 
grow. In fact, they are the only ones found in the 
solid. 

The conditions of solidification of this ingot were 
such as to discourage nucleation of crystals wholly 
in the liquid. The rate of solidification was 0.125 in. 
per min. This slow rate of heat removal afforded but 
small opportunity for supercooling within the liquid 
—a condition needed to provide enough decrease in 
free energy for such nucleation. 

When nucleation occurs on an existing solid sur- 
face, the interfacial energy between the existing 
and forming regions is important in determining the 
new stable orientation. The new orientation is ex- 
pected to be one which minimizes this energy. In 
the diamond cubic structure, the interface for the 
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Fig. 1—Etched slices cut from a progressively frozen germanium ingot. Freezing began with slice 21. 
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twinned orientation is one of low energy.” A new 
layer of atoms on a {111} face sees little energetic 
difference between positions continuing the existing 
orientation and those initiating a twin relationship. 

The interesting features of survival shown in Figs. 
1 and 2 can be understood when the conditions of 
freezing and the orientations of adjacent regions are 
taken into account. Theuerer and Scaff' have shown 
by electrical measurements and by decanting a 
crucible containing a partially solidified ingot (frozen 
in the same thermal conditions as the ingot in this 
study) that the solid-liquid interface at the begin- 
ning of freezing is sharply concave upward. The 
growth direction, as inferred from the columnar 
structure shown by them, is normal to the freezing 
interface. In the present experiment, then, solidi- 
fication originating near the periphery of the crucible 
proceeded rapidly toward the axis of the ingot, 
while the growth of material originating on the 
axis lagged that of the converging array. This fol- 
lows from examination of the series of slices in Fig. 
1. Orientations with axially directed growth failed 
to survive; the peripheral array converged at the 
ingot axis. The convergence was complete at about 
slice 10 when half of the ingot had solidified. To 
summarize, two of the conditions determining sur- 
vival are the shape and the symmetry of the iso- 
thermal surfaces in the freezing system. 

A third important condition in determining sur- 
vival is simply that once a twin composition plane is 
formed, it is preserved as further solid is added from 
the liquid. In Figs. 1 and 2 freezing progressed from 
slice 13 to slice 7, the twin boundary between B and 
G persisted, but moved toward the top of the pic- 
ture in each succeeding slice until it disappeared in 
slice 7. The reason for the final disappearance of 
the twin plane lies in its orientation with respect 
to the ingot axis. The plane, viewed along the 
axis in the growth direction, is inclined by 22° 
away from the axis and toward a 12 o’clock position 
(when the ingot slice is considered a clock face). 
This information comes from the stereographic pro- 
jections (not shown) for the orientations of B and 
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G. With these orientations the interface simply 
grew out of the ingot. The twinning composition 
plane was preserved without lateral shift. This 
preservation is further supported by the constant 
width of thin twin components during the progress 
of solidification to be observed in Fig. 1. It can be 
generalized that twin interfaces once formed, do not 
shift laterallyt and only disappear by growing out 


t The preservation of the twin interface has been observed by 
Burke* in grain growth of a brass 


of the ingot, or by interference with other growing 
regions due to the convergence at the axis discussed 
earlier. 

The preservation of interfaces was not limited to 
first-order twins: mirror planes that are physical 
junctures between higher order twinned regions are 
present in slices 9 and 7. The juncture plane be- 
tween third-order twins P and D was preserved in 
these slices and disappeared in slice 6 as shown in 
Figs. 1 and 2. The evidence that this juncture is 
planar is the persistence of straight traces of the 
interface on successive ingot slices. The indices are 
(525) and since the plane is inclined 22° toward 
9:30 o’clock, D grew at the expense of P. 

Interfaces between high-order twins contain a 
large proportion of atoms common to the lattices 
of the adjacent regions.” It is suggested that they are 
of low energy as is the twin composition plane, and 
the crystal finds an inadequate motivation for a 
lateral shift or a disappearance of such an interface. 
To do other than continue the mirror interface 
would require the creation of new surfaces at a 
greater cost in energy. A consequence of the pres- 
ervation of a twin interface or juncture is the se- 
lection of one of the bounding regions to survive in 
progressive freezing of an ingot. If the interface of 
low energy is parallel to the ingot axis, both re- 
gions survive. 

Although no casting texture was observed in the 
sense of a preferred crystal cirection aligned along 
the freezing axis, there is at least one direction of 
low Miller indices common to the observed several 
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Fig. 2—Twin relationships in an ingot of germanium. 


orders of twinning. For example, regions V, H, G, 
B, and D in slice 6 (Fig. 2) make up most of the 
section and have a common<113> crystallographic 
direction. The direction <113> is inclined about 
45° away from the ingct axis toward 8 o'clock. No 


significance has been attached to this common 
direction. 

New regions with orientations but 1° or 2° dif- 
ferent from that of the parent region may form. The 
resulting lineage structure’ is illustrated in Fig. 1. 
Region B was reasonably perfect at slice 12. At 
slice 11, however, a new orientation differing only 
2° from B developed near the center. Upon further 
solidification, region B developed many additional 
small volumes of slightly differing orientations 
until it was replaced by orientation V growing in 
from the side. It is reasonable to conclude that the 
development of lineage retarded the growth of 
region B to permit region V and its twin H to take 
over in further solidification. The V-H region 
stopped growing laterally when it reached the 
more perfect part of crystal B. This portion still 
exists in slices 5 and 4 and presumably disappeared 
only because the ingot began to crown, reducing 
its cross section. 

The nucleation of the lineage orientations is 
obscure: the orientation relationships among the 
regions in this and other cases, can be described 
by rotations but not always about an axis of small 
rational indices. Rotations have been observed 
about <110>, <112>, <113>, and also about an 
axis normal to the solidification interface. Teght- 
soonian and Chalmers” have reported such struc- 
tures in the solidification of tin and have offered 
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an explanation in terms of the collection of vacan- 
cies to form dislocations. No final conclusions with 
respect to germanium can be drawn from the evi- 
dence thus far found. 

A second experiment was performed in which an 
ingot was prepared by progressive solidification in 
a crucible designed to cause freezing, and therefore 
initial nucleation, in two physically separated loca- 
tions. This was accomplished by providing the 
crucible cavity with two cylindrical extensions in 
its bottom so as to produce the ingot with legs 
shown in Fig. 3. Freezing proceeded from the bot- 
tom to the top, as in the first ingot, so that solid was 


GRAIN BounpaRy-T 


Fig. 3—Orientation relationships in an ingot in which nucleation 
occurred simultaneously in the two legs. Approximately full size. 
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nucleated nearly simultaneously in each leg before 
a bridge of solid formed in the main cavity. 

The etching of the ingot revealed an irregular 
trace, labeled T, extending from the bottom of the 
larger section of the ingot to the last point to freeze 
at the top. A similar trace was found on the op- 
posite side of the ingot. This suggests that the re- 
gions separated by the interface are not twin- 
related, and that the interface is the juncture of 
two main regions, each nucleated in one of the two 
legs. Further evidence was obtained by X-ray dif- 
fraction. The orientations of the etch-delineated 
regions were determined beginning at the base of 
each leg where freezing started. The _ specific 
locations and corresponding orientation relation- 
ships are depicted in Fig. 3. Twin-related domains 
exist throughout each leg and into the main ingot 
up to the irregular interface. Across this inter- 
face in two locations, (A to B) and (A to F), the 
orientation difference is not that of twin-related 
regions within four orders. Since this ingot is 
structurally simple with large regions of single 
orientation and but few orders of twinning, the 
finding further suggests that the two main regions 
are not twin-related. 

Summary 

All major regions in a progressively solidified 
ingot of germanium were related through succes- 
sive orders of octahedral twinning. It is suggested 
that the entire ingot grew from one nucleus formed 
in initial freezing; all subsequent orientations orig- 
inated through nucleation on the surface of exist- 
ing solid. The new orientations are either twin- 
related or differ from a parent by only small angles 
of 1° to 2° or less. This special type of oriented 
nucleation does not lead to a casting texture. 


In the growth of the ingot, survival of orienta- 
tions was conditioned in part by the shape and 
symmetry of the solid-liquid interface. Twin com- 
position planes and mirror composition planes of 
higher orders of twinning were preserved. This 
was another important factor in determining sur- 
vival. 
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Redistribution of Solutes by Formation and Solidification 
Of a Molten Zone 


by W. G. Pfann 


Formation and slow solidification of a molten zone in a homo- 


geneous ingot produces a discontinuity in solute concentration at 
the boundary of the zone and a gradient of concentration within 
the zone. By using two solutes, one a donor, the other an acceptor, 


XPLOITATION of the difference in concentra- 
tion between a molten solution and the solid 
which freezes from it is continued in this paper. The 
normal segregation which results from this differ- 
ence has been used for purification’ * and for pn 
barrier-formation in semiconductors." *‘ By means of 
traveling molten zones this difference has been used 
to effect multistage separations and to eliminate 
segregation in ingots.” * It will be shown here that 
by means of stationary molten zones this difference 
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step or graded pn barriers can be produced. 


can be used to produce discontinuities in concentra- 
tion. In particular it will be shown that a pn or npn 
barrier can be made by the simple act of melting 
and refreezing a portion of a block of semiconductor, 
provided that the block contains proper concentra- 
tions of a donor and an acceptor in solid solution. 


Assumptions 

The operation of melting and slow refreezing will 
be called remelting and the interface between liquid 
and solid at the start of refreezing will be called the 
remelt boundary. While remelting may be done for 
various shapes of starting crystal and remelt zone it 
will be assumed that the remelt zone is cylindrical, 
its length being measured in the direction of freez- 
ing, which is normal to the remelt boundary, and 


TRANSACTIONS AIME 


\ 
‘ 
a 


REMELT 


BOUNDARY 


UNMELTED REMELT ZONE 


| DIRECTION OF 


REFREE ZING 
Co 
z 
2 
we 
-a 
35 
z 
° 
-- ----- 


DISTANCE FROM lo 
REMELT BOUNDARY 


Fig. 1—Concentration of a single solute as a function of dis- 
tance from remelt boundary. Remelting produces a step in 
concentration at the remelt boundary and a gradient in con- 
centration in the remelt zone. 


that the remelt boundary is planar, as in Fig. 1. The 
assumed conditions of freezing are: 1—diffusion in 
the solid is negligible; 2—diffusion (or mixing) in 
the liquid is complete, i.e., concentration in the 
liquid is uniform; 3—the distribution coefficient, k, 
defined as the ratio of the solute concentration in 
the freezing solid to that in the liquid is constant. 
Where electrical conductivity is discussed, it will be 
assumed to be proportional to the concentration of 
excess donors or acceptors. It will be assumed also 
that solute concentrations are in atomic units and 
that each solute atom contributes one carrier of elec- 
trical charge. 


Simple Remelting with One Solute 


In a block of material containing a uniform con- 
centration C, of solute, melt a zone of length lL, and 
freeze it back slowly, as in Fig. 1. Under the assumed 
conditions of freezing, the solute concentration in 
the first solid to form, at the remelt boundary, will 
be kC, and the solute concentration, C, in the re- 
mainder of the remelt zone after freezing will be 
given by the normal freezing equation‘ 


C = kC,(1 [1] 


where g is the fraction of the remelt layer which has 
solidified. Thus, as shown in Fig. 1, remelting pro- 
duces a discontinuity in concentration, of magnitude 
C.(1 —k) at the remelt boundary and a gradient of 
concentration in the remelt layer. If k differs appre- 
ciably from unity, large percentage changes in con- 
centration can be produced at the remelt boundary. 

It is important in practice to consider the effect 
of diffusion in the solid during remelting, partic- 
ularly in the period just before freezing begins. For 
k < 1 solute will tend to diffuse to the molten zone. 
If the diffusion coefficient, D, is small, but appre- 
ciable, then rounding of the step may occur as indi- 
cated by the dotted curve in Fig. 1. If D is large, 
and sufficient time elapses, the solid and liquid will 
attain concentrations C, and C,/k, respectively. C, 
can be determined readily from a solute balance if 
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the volumes of liquid, V,, and solid, V,, are known, 


as follows: 
C.(V. + V.) = + 


(Even though a temperature gradient must exist, it 
is assumed to be small). If k is very small, most of 
the solute will eventually diffuse into the molten 
zone. 


Formation of p-n Barriers by Simple Remelting 
with Two Solutes 


Conditions for Barrier Formation: Consider a 
block of semiconductor containing uniform con- 
centrations C,, and C,, of solutes, one of which is a 
donor, the other an acceptor. Let C,, be greater than 
C.. and let k, be greater than k,. Upon remelting, a 
pn barrier may or may not form at the remelt 
boundary, depending on the k’s and the C,’s. A 
barrier will form if k,Cy. > k,Cu, which condition 
will be achieved only if 


Ca. 


Ca>Ca> [2] 


Since C,, > Cy, the original material must be of 
conductivity type 1 and the material just inside the 
remelt boundary must be of type 2. Since there 
was an excess of solute 1 throughout the original 
material and since a deficit of solute 1 exists in the 
first-to-freeze portion of the remelt zone, the con- 
ductivity must revert to type 1 during the freezing 
of the remainder of the remelt zone. Hence, if the 
conditions of Eq. 2 are met, remelting produces two 
pn barriers, a “step” barrier at the remelt bound- 
ary and a “graded” barrier in the remelt layer. 
Fig. 2 illustrates their formation schematically. A 
unique and most significant feature of remelting is 
that the concentrations which freeze out at the re- 
melt boundary are independent of the volume of 
the remelt zone. Thus step barriers of various 
shapes and sizes but of similar properties can be 
made from a given starting material by the simple 
steps of melting and slow refreezing. 

Electrical Conductivities at the Step Barrier: The 
electrical conductivities, o, and o,, at the step bar- 
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Fig. 2—Concentrations of two solutes, one a donor, the other 
an acceptor, after simple remelting. Remelting produces a 
step pn barrier at the remelt boundary and a graded pn bar- 
rier in the remelt zone. 
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Fig. 3—Radiooutograph of a longitudinal section through the 
remelt zone of a germanium ingot containing radioactive 
antimony. 


rier will be proportional to the difference concen- 
trations (C,, C.) and (k,C,. — k,C,,) on the un- 
melted and remelted sides of the remelt boundary, 
respectively, and are given by 


= (kw k,Cu) em, [4] 


where the y»’s are mobilities, e is the electronic 
charge, and subscripts a and b refer to the unmelt- 
ed and remelted sides of the barrier, respectively. 
Solving Eqs. 3 and 4 for C,, and C, to find the re- 
quired initial concentrations to produce desired con- 
ductivities o, and o, at the step barrier gives 


1 [ kw, | [5] 
e(k, — k,) Pe My 

[ kw, | 

Ce e(k, —k,) te 6] 


While Eqs. 5 and 6 show that, in principle, any de- 
sired conductivities can be obtained for a given set 
of k’s, in practice the solid solubilities of the com- 
ponents will be a limitation. Also, if both k’s are 
small compared to unity it will not be practical to 
have o, > o,, as this would require that C,, and C,, 
be large and very nearly equal and hence the con- 
trol of «, would be poor. For germanium a sufficient 
range of k's is available for both donors and accep- 
tors’ to permit n to p or p to n conversions at the 
remelt boundary. 

Location and Concentration Gradient of the 
Graded Barrier: It is assumed that the remelt 
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Fig. 4—Current-voltage characteristics of a step barrier and 
a graded barrier produced by simple remelting of a germanium 
ingot containing gallium and antimony. 
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zone solidifies by normal freezing and that another 
pn barrier is formed in it by differential segrega- 
tion. Equations for the location and concentra- 
tion gradient of such a barrier have already been 
derived.’ The location, in terms of g,, the fraction 
solidified, is given by 


where r= [8] 
The concentration gradient, d(AC)/dl, is given by 
d(ac k,Cu(k, — k, 
dl L, 


Hence, with the concentrations and k’s of the 
solutes in the starting material and the length of 
the remelt zone known, the conductivities on either 
side of the step barrier and the location and con- 
centration gradient of the segregation barrier can 
be computed. 


Remelting with Additions 

Many of the advantages of simple remelting will 
be retained, and others can be gained, if the addi- 
tion to the remelt zone of solutes not present in the 
original material is permitted. Thus, whereas in 
simple remelting the concentrations in the remelt 
zone are entirely determined by those in the orig- 
inal block, in remelting with additions they are 
largely independent of those in the original block. 
One method of addition is to place solute on the 
surface of the block and subsequently to permit it 
to dissolve in the remelt zone when the latter is 
formed. Upon refreezing, the concentrations at the 
remelt boundary will be the sum of: those arising 
from simple remelting, which are independent of 
the volume of the remelt zone; and the concentra- 
tions of added solutes, which vary inversely with 
the volume of the remelt zone. Advantages of re- 
melting with additions as compared with simple 
remelting are that greater control over the concen- 
trations at the step barrier and the location of the 
graded barrier can be had. 


Experimental Results 


The redistribution of a single solute by remelting 
is rather strikingly illustrated by the following ex- 
periment. In a long ingot, containing a uniform 
distribution of solute, produce a stationary molten 
zone and then, by gradually reducing the tempera- 
ture, cause the zone to freeze progressively from 
both ends toward the middle. The redistribution 
of radioactive antimony in a germanium ingot by 
this process, which will be named ingot-remelting, 
is shown in Fig. 3, which is a radioautograph of a 
longitudinal section through the remelt zone. The 
concentration of antimony is indicated by intensity, 
the lighter regions being richer in antimony. The 
sharp decrease in concentration at each remelt 
boundary and the increase in concentration in the 
last regions to freeze, at the center of the remelt 
zone, are quite apparent. The value of k for anti- 
mony in germanium is about 0.004. 

Step and graded pn barriers have been made by 
ingot remelting of single crystal germanium using 
as solutes: gallium, an acceptor for which k is about 
0.1, and antimony, a donor. These solutes corre- 
spond to solutes 2 and 1 respectively, in Fig. 2. 
Typical current-voltage curves for a step barrier 
and a graded barrier made from the same remelt 
zone are shown in Fig. 4. These exhibit certain 
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b—Slice remelting. X10. 


Fig. 5—Cross sections showing remelt zones. Etching reveals the 
step barriers and thereby delineates the remelt zones. 


typical characteristics which are in accord with pn 
barrier theory® and the known solute concentrations 
in the remelt zone, namely, that the saturation cur- 
rent and forward resistance are lower for the step 
barrier, and that the saturation extends to much 
higher reverse voltage for the graded barrier. The 
value of the saturation current for the step barrier 
agrees well with that computed from the measured 
conductivities and life-times, indicating that the 
barrier approximates an ideal step. The capacitance 
of the graded barrier agrees in order of magnitude 
with that computed from the calculated concentra- 
tion gradient and varies quite accurately as the 1/3 
power of the applied voltage, in accord with theory. 
The cross-sectional areas of the barriers of Fig. 4 
are about 0.01 sq cm. 

Step and graded barriers have also been produced 
in germanium by techniques of slice remelting and 
spot remelting. In slice remelting a slice of the 
order of 1x1x0.2 cm in dimensions is heated in a 
temperature gradient so as to produce a remelt 
boundary essentially parallel to the large faces. By 
lowering the temperature the solid-liquid interface 
is caused to advance in a direction normal to the 
large faces, producing a normal segregation of sol- 
utes in the remelt zone. (A heating technique of 
this general nature, used to produce pn barriers by 
a principle differing from that discussed here, has 
been described briefly elsewhere.’) 

In spot remelting a small hemispherical remelt 
zone is produced by heating a very small spot at the 
surface of a block or slice and back-freezing is 
made to occur in a radial direction by lowering the 
temperature. For a hemispherical remelt zone, the 
length of the intermediate region, is ly. — 
Ty, Where r, is the radius of the remelt zone at the 
start of refreezing and r,, is the radius of the graded 
barrier. It is readily shown that 


bye = T, {1 {I Go) [10] 


Properties of pn barriers produced by slice and 
spot remelting were comparable to those shown in 
Fig. 4. Cross sections of slice and spot remelts ap- 
pear in Fig. 5, the boundaries appearing therein 
being step barriers revealed by etching. 
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By suitable control of experimental conditions, 
by simple remelting, npn transistors have been pro- 
duced in which a, the current multiplication factor, 
has been greater than 0.9 and collector resistance 
has been greater than one megohm. 


Summary and Discussion 

The formation and slow solidification of a molten 
zone in a homogeneous ingot results in a step in 
solute concentration at the remelt boundary and a 
gradient in concentration in the remelt zone. On the 
basis of simplifying assumptions the magnitudes of 
the step and the gradient have been expressed an- 
alytically. The magnitude of the step has been 
shown to be independent of the volume of the zone. 

By using two solutes having unequal distribution 
coefficients, and properly chosen initial concentra- 
tions, remelting can produce step, graded, or npn 
barriers in a variety of shapes and sizes. Experi- 
mental results confirm simple theory for such bar- 
riers. 

The remelt technique can have other applications. 
For example, it provides a means of producing a 
diffusion couple for the determination of diffusion 
constants. The crystal structure across such a couple 
would be essentially continuous, since the unmelted 
portion serves as a seed, and, in contrast to tech- 
niques such as welding, a minimum of faults would 
be produced at the junction. In general it provides a 
simple means of altering in discrete regions, such as 
surface layers, a composition-sensitive property of a 
substance. While this paper has been confined to 
starting materials of homogeneous composition and 
a particular direction of freezing of the remelt zone, 
such restrictions are unnecessary. Moreover, an ad- 
ditional degree of control of the concentrations in 
the remelt zone can be had by adding solutes before 
or during the remelt process. 
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Hydrogen Embrittlement of Steels 


by Jack T. Brown and William M. Baldwin, Jr. 


The effect of hydrogen on the ductility, «, of SAE 1020 steel at 
strain rates, ¢, from 0.05 in. per in. per min to 19,000 in. per in. per 
min and at temperature, T, from +150° to —320°F was deter- 
mined. The ductility surface of the embrittled steel reveals two 


domains: one in which (d«/dé), >0, (d«/dT) 


<0, and the other in 


which >0, (d«/AT) >0. The usual “explonations” of hydro- 
gen embrittlement are in accord with the first of these domains 


only. 


HE purpose of this investigation was a fuller 
characterization of the effects of varying tem- 
perature and strain rate on the fracture strain of 
hydrogen-charged steel. To be sure, it is known that 
low and high temperatures remove the embrittle- 
ment that hydrogen confers upon steels at room 
temperature,’* see Fig. la and b, and that high 
strain rates have a similar effect,*" see Fig. 2a, b, 
and c. However, the general effect of these two test- 
ing conditions on the fracture ductility of hydrogen- 
charged steels is not known, i.e., the three-dimen- 
sional graphical representation of fracture ductility 
as a function of temperature and strain rate is not 
known—only two traverses of the graph are avail- 
able. The need for such a graph is not pedantic. To 
demonstrate this point, Fig. 3a, b, and c shows three 
of many three-dimensional graphs, all possible on 
the basis of the two traverses at hand. The impor- 
tant point (as will be developed in the Discussion) 
is that each of them would indicate a different basic 
mechanism for hydrogen embrittlement. 
It will be noted that the four types of ductility 
surfaces in Fig. 3a, b, and c may be characterized as 


follows: 
O« Oe 
Type a ( rr ) >0, ( aT ), <0 
de 
( aT 


d« ) 0 ( de ) <0 
<0, 
de r oT 


> 


Material and Procedure 

Tensile tests were made at various temperatures 
and strain rates on a commercial grade of % in. 
round SAE 1020 steel in both a virgin state and as 
charged with hydrogen. The steel was spheroidized 
at 1250°F for 168 hr to give the unembrittled steel 
the lowest possible transition temperature. 

The steel was charged cathodically with hydrogen 
as follows: The specimen was attached to a 6 in. 
steel wire, degreased for 5 min in trichlorethylene, 
rinsed with water, and fixed in a plastic top in the 
center of a cylindrical platinum mesh anode. The 
assembly was placed in a 1000 milliliter beaker 
containing an electrolyte of 900 milliliters of 4 pct 
sulphuric acid and 10 milliliters of poison (2 grams 
of yellow phosphorous dissolved in 40 milliliters of 
carbon disulphide). A current density of 1 amp per 
sq in. was used which developed a 4 v drop across 
the two electrodes. All electrolysis was carried on 
at room temperature. 


de 
Type b (=) <0, 
ae 


Type c ( 
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Temperatures for tensile tests were obtained by 
immersing the specimens in baths of water (+70° to 
+150°F), mixtures of liquid nitrogen and isopen- 
tane (+70° to —240°F), and boiling nitrogen 
(—240° to —320°F). 

Specimens were tested in tension at strain rates 
of 0.05, 10, 100, 5000, and 19,000 in. per in. per min. 
The 0.05 and 10 in. per in. per min strain rates were 
obtained on a 10,000 lb Riehle tensile testing ma- 
chine, the 100 in. per in. per min rate on a hy- 
draulic-type draw bench with a special fixture, and 
the 500 and 19,000 in. per in. per min rates on a 
drop hammer. 

The fracture ductility of hydrogen-charged steel 
at room temperature and normal testing strain rates 
(~0.05 in. per in. per min) is a function of electro- 
lyzing time, dropping to a value that remains con- 
stant after a critical time.** Under the conditions of 


*The hydrogen content of the steel continues to increase with 
charging time even after the ductility has leveled off to its satu- 
rated value.’ 


this research the saturated loss in ductility occurred 
at approximately 30 min, see Fig. 4, and a 60 min 
charging time was taken as standard for all subse- 
quent tests. 

After charging the steel with hydrogen, the sur- 
face was covered with blisters. These have been de- 
scribed by Seabrook, Grant, and Carney.’ The orig- 
inal diameter of the specimen was not reduced by 
acid attack, even after 91 hr. 


Results 


The ductility of both uncharged and charged 
specimens is given as a function of strain rate in 
Fig. 5, and as a function of temperature at four dif- 
ferent strain rates in Fig. 6. These results are as- 
sembled into a three-dimensional graph in Fig. 7. 
It is seen that the locus of the minima in the duc- 
tility curves of the charged steels divides the duc- 
tility surface into two domains. At temperatures 
below the minima, 

) >0 


de ) ( de 
<0 an 
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(cf. for example, lines i and ii in Fig. 7); at tem- 
peratures above the minima, 
) >0 
T 


( Je ) 4 ( de 
FF 
(cf. for example, lines iii and iv in Fig. 7). These 
domains correspond to surfaces of types a and d, re- 


spectively, and the assembly corresponds to the pro- 
totype given in Fig. 3c. 


Discussion 

Of the two types of ductility surfaces which char- 
acterize hydrogen embrittlement only the type a 
surface has been rationalized. Zapffe and Sims* and 
Zapffe® picture hydrogen embrittlement to result 
from the precipitation of hydrogen in “substructure 
disjunctions” or “voids” at pressures sufficient to 
force the metal asunder. Straining is presumed to 
enlarge the imperfections, thus reducing the hydro- 
gen pressure. Further precipitation of hydrogen is 
required to maintain or develop a disruptive pres- 
sure. With these premises, Zapffe proceeds to two 
conclusions: “If the rate of strain is increased .. . 
until the rate of decrease in Pu, exceeds the rate of 
restoration through further precipitation of H, the 
apparent embrittlement should decrease.”” This pre- 
diction states that 

de 
de T 


“The effect of temperature has an obviously sim- 
ilar relationship since the pressure of a gas phase 
likewise decreases with decreasing temperature, 
Thus there will be a critical temperature, also a 
critical rate of cooling, for any given set of condi- 
tions, such that the critical embrittlement pressure 
Pu, is decreased more rapidly than it is replenished 
by precipitating H, and embrittlement is observed 
to decrease.” This states that 
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These two conditions are those characterizing a duc- 
tility surface of type a. 

Petch and Stables’ extend Orowan’s rationaliza- 
tion of the delayed fracture of glass to the case of 
hydrogen embrittlement. They point out that if 
hydrogen gas is adsorbed on the internal surface of 
microcracks, the critical stress for extension of the 
crack in the Griffith relationship is lowered. “The 
extension of a crack under stress will take place in 
steps which occur when hydrogen solute atoms ar- 
rive at its edge in the course of diffusion.” Since 
the proposed embrittling mechanism is diffusion- 
controlled, the authors point out that at high strain 
rates the metal should be ductile and adduced the 
data of Fig. 2c to support their conclusion. Again, 
this mechanism requires that 


Although the authors made no statement regarding 
the effects of temperature it follows that if the ar- 
rival of the hydrogen to the microcracks is diffu- 
sion-controlled, and since the diffusion rate de- 
creases with decreasing temperature, then decreas- 
ing the test temperature at constant strain rate 
should increase the ductility, i.e., 
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Fig. 3b—Possible construction of sheets type c and d. Dark lines 
indicate known traverses. 


Fig. 3¢—Possible construction of sheets type a and d. Dark lines 
indicate known traverses. This was actually how hydrogen em- 
brittlement was observed to behave. 
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It is seen that the mechanism proposed by Petch and 
Stables, like Zapffe and Sims, corresponds to a duc- 
tility surface of type a. 

Both these mechanisms are variations on a theme: 
hydrogen embrittlement is presumed to depend 
upon the competition of two rates, the one being the 
rate of straining of the metal, the second being the 
rate of the embrittling controlling process (diffusion 
or precipitation), the latter rate being presumed to 
increase with increasing temperature. If the first 
rate predominates the metal is ductile, if the latter 
predominates the metal is brittle. 

Surfaces of types b, c, and d can be rationalized 
by extension of the competitive rate hypothesis. If 
competition exists between the rate of straining and 
the rate of some process which renders the metal 
ductile, the latter rate being presumed to increase 
with increasing temperature, a surface of type b 
will result. The behavior of an overaging alloy on 
deformation illustrates this situation. Here over- 
aging is a process that renders the alloy more duc- 
tile; its rate increases with increasing temperature. 
The ductility of such alloys as a function of strain 
rate and temperature yields a surface of type b (cf., 
for example, Fig. 10 of ref. 9). At constant strain 
rate, the ductility increases with increasing tem- 
perature because the rate of overaging increases 
with increasing temperature. At constant tempera- 
ture, the ductility decreases with increasing strain 
rate, since the benign effect of the overaging process 
is outstripped. Another example is the case of a 
hydrogen-charged steel in the process of degassing, 
since the degassification is a process rendering the 
metal ductile and its rate increases with increasing 
temperature.*"""*" The increase in ductility of 
charged steel at temperatures above the minimum 
has been attributed to degassing,’ but such an ex- 
planation should not be indiscriminately put for- 
ward for such curves. The data in the present re- 
search represent a case in point, for the increase in 
ductility at temperatures above the minimum in 
Fig. 6, form a d surface and not the b surface that 
would be required, if degassing were the real ex- 
planation.t A description of hydrogen embrittle- 

t The authors have no doubt that degassing is a factor in the 
hydrogen embrittlement of steels and suggest that a full charac- 
terization of the ductility surface of a charged steel would involve 
three domains instead of two, arranged in the manner of Fig. 8. 
Bastien and Azou's curve of Fig. 2b is quite probably a traverse 
across the type a and b or d and b surfaces of Fig. 8. 


ment based on the drag of a Cottrell atmosphere of 
hydrogen atoms on dislocations interfering with 
“normal” straining and leading to premature or 
brittle fractures also falls in this same class of theo- 
ries and predicts a type b surface. In this case even 
though the drag of the Cottrell atmosphere itself is 
embrittling it is not the rate process that is pertinent 
to the problem. What is pertinent is the diffusion 
of the hydrogen which as it increases with increas- 
ing temperature decreases the drag and renders the 
metal more ductile, i.e., (de/0T) . > 0. Conversely at 


constant temperature, the diffusion rate cannot keep 
pace with an increased strain rate, thus increasing 
the drag and embrittling the metal, i.e., (d«/dé), < 0. 

To extend the competitive rate hypothesis to de- 
scribe surfaces of type c and d, the nature of tem- 
perature-sensitive process must be changed from 
one which increases with teiaperature to one that 
decreases with temperature. Such rates are found in 
super-cooled reactions such as the isothermal aus- 
tenite-pearlite reaction at temperatures above the 
pearlite nose. If the temperature-sensitive process 
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Fig. 4—Fracture strain of spheroidized SAE 1020 steel as a 
function of hydrogen charging time. Note accelerating effect 
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renders the metal ductile, a ductility surface of type Fig. 7—Fracture strain of spheroidized SAE 1020 steel with and 
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while at constant temperature an increase in strain 

rate increases the ductility for the same reasons that 
. it did in the case of the type a surface. 


FRACTURE STRAIN <= €, 


a4 <— Undoubtedly there is significance in the fact that 
os a the two surfaces described by the present experi- 
mental results (types a and d) if they are to be 

° rationalized by competitive rate mechanisms, have 

01 ' 100 10000 one feature in common; in competition with the 


STRAIN RATE<IN /IN./MIN. strain rate is a rate of an embrittling process irre- 

. Fig. 5—Fracture strain as a function of spective of whether the rate increases or decreases 

strain rate in a charged and uncharged, with temperature. Since an embrittling process is 

spheroidized SAE 1020 steel at room common to both ductility surfaces, types a and d, it 
temperature. may be the same physical reaction in both cases. 

A physical reaction which increases in rate with 

increasing temperature at low temperatures and de- 
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© CHARGED A A temperatures is not uncommon in the general realm 

° : of kinetics. The logarithm of the rate of such re- 
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Fig. 6—Fracture strain of spheroidized 1070 steel with and without 
hydrogen embrittlement as a function of test temperature and 
strain rate. The two curves join at points A. A minimum in the 
curves exists at points 8. 


Fig. 8—Proposed full characterization of hydrogen embrittlement. 
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Fig. 9—A plot of temperatures at which ductility of charged 
steels returns to the ductility curve of uncharged steels as a 
function of strain rate. The circles plotted here are the 
points A of Fig. 6. Points in parentheses are extrapolated 
from Fig. 6. The crosses are the points B of Fig. 6, i.e., the 
temperoturs« and strain rates at which a minimum in the 
ductility curves uccurred. The diffusion coefficient of hydro- 
gen in a iron is plutted to the upper scale. 


actions when plotted against the reciprocal of the 
absolute temperature appears as c curves—exem- 
plified by the rate of growth curve of pearlite, or 
scaling rate curves in surface oxidation studies. 
The shape of these overall rate curves is usually 
the product of two main factors. The first is a driv- 
ing force (such as free energy) which is zero at an 
equilibrium temperature and which increases as re- 
action temperature is lowered from this point; the 
second is a mobility factor (such as diffusion or 
conductivity) which is generally of the form 


D = 


such that the upper arm of the c curve approaches 
the equilibrium temperature asymptotically as the 
overall rate goes to zero (or log rate goes to minus 
infinity), and the lower arm of the c curve asymp- 
totically approaches a straight line whose slope ap- 
proximates the slope of the log mobility factor vs 
the reciprocal absolute temperature curve, i.e., —Q/R, 
as temperature goes to zero. 

To obtain an approximation of the present over- 
all rate curve, Fig. 9 is a plot of the temperature (on 
a reciprocal absolute temperature scale) at which 
the ductility of the charged steels returns to the 
ductility curve of the uncharged steels (points a in 
Figs. 5 and 6) as a function of strain rate (on a log 
scale). It is assumed that at these points there is 
some approximately fixed relationship between the 
strain rate and the rate of the embrittling reaction, 
so that the curve of Fig. 9 is an indication of the 
shape of the overall rate curve of the embrittling 
reaction. 

There are two interesting features of the c curve. 
The upper arm of the curve asymptotically ap- 
proaches a limiting temperature, and by analogy 
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with the A, temperature of a pearlite curve, or the 
oxide dissociation temperature on a scaling rate 
curve, this would represent an equilibrium tempera- 
ture above which hydrogen has no embrittling effect 
on steels. The authors know of no change in the 
physical state of iron-hydrogen alloys in this tem- 
perature range which would account for this be- 
havior. The lower arm of the curve asymptotically 
approaches a sloping straight line. Again from the 
classical pattern of such curves it would be inferred 
that the slope of the line should approximate the 
slope of the diffusion coefficient of hydrogen in a 
iron. The diffusion data” are meager and involve 
large extrapolations but a rough parallelism is never- 
theless observed. 

It must be inferred from Fig. 9 that if a competi- 
tive rate mechanism is to explain hydrogen em- 
brittlement, then the rate, 8, of the embrittling 
process must in some measure depend upon strain 
rate, otherwise if 


«= file) — (B) 


then the minimum in the ductility curves would re- 
main at a constant temperature which is not the case 
in Fig. 9. 


Conclusions 


1—Hydrogen depresses the ductility of mild steel 
within certain ranges of temperature and strain rate 
only. 

2—Within this brittle range, a plot of the ductility 
vs strain rate and temperature reveals two domains, 
one at low temperatures in which 


and another at high temperatures in which 


( ) >0, (),>0. 


3—tThe first of these domains represents a be- 
havior in accord with any theory—such as that of 
Zapffe and Sims* or Petch and Stables*—which 
basically hypothesizes that the ductility of steels de- 
pends upon two competitive rates: the strain rate 
and a rate of the embrittling reaction which increases 
with increasing temperature, the steel being ductile 
if the former rate predominates, and brittle if the 
latter does. 

4—The second of these domains is not explained 
by theories of this type, nor by the assumption that 
the steels are degassing (though the authors feel 
that a third domain due to degassification of the 


steel in which 
de de 
( rr ) <0 and ( oT ),>0 

does exist in certain temperature and strain rate 
ranges). 

5—If the general proposition of two competitive 
rates is to be applied to the second of these domains, 
the rate of the embrittling reaction must decrease 
with increasing temperature. 

6—An approximate curve of the logarithm of the 
rate of the embrittling reaction as a function of the 
reciprocal of the absolute temperature follows the 
classical pattern of rate curves of reactions that 
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occur spontaneously below an equilibrium tempera- 
ture, i.e., a c curve. 
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Technical Note 


ROM their investigation of the martensitic 
transformation in Cu-Zn alloys, Greninger and 
Mooradian' concluded that there was no critical 
temperature at which martensite formation began 
in this system. Recent unpublished work by Gen- 
evray’® with two compositions of brass revealed the 
existence of a critical temperature, which is a func- 
tion of composition and stress. In the work reported 
here the temperature range of the martensitic re- 
action was studied as a function of composition in 
high purity Cu-Zn alloys. 

The specimens were about 4 in. long with a di- 
ameter of 1/16 in.; their compositions are given in 
Table I. They were heated under vacuum for 5 min 
at 5° to 10°C below the temperature of incipient 
melting, and quenched into brine at about —10°C. 
Specimens of alloys C, D, E and F were obtained 
with little or no precipitated a phase. Many attempts 
yielded only three usable specimens of alloy B, and 
even these contained appreciable amounts of a. All 
efforts failed to preserve metastable 8 in alloy A 
(containing 38.02 pct Zn and 0.002 pct each of Pb 
and Fe). 
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On the Temperature Range of the Martensitic Transformation 


In the Cu-Zn System 


by A. L. Titchener and M. B. Bever 


SPECIMEN WO 
39.01% Zn 
COOLING 
HEATING 


RELATIVE RESISTANCE 
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Fig. 1—Relative electrical resistance as a function of temperature 
in a typical experiment. 


The transformation was studied by measuring the 
electrical resistance during continuous cooling and 
heating of each specimen at similar rates. The cool- 
ing media were alcohol with dry ice from room 
temperature to —78°C and a bath of petroleum 
ether and methyl cyclohexane (75:25), cooled by 
liquid nitrogen, from —78° to about —150°C. Read- 
ings were also taken at —195°C in liquid nitrogen. 

Fig. 1 illustrates a typical experiment. The rela- 
tive resistance is obtained by assuming the known 
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Fig. 2—Relative electrical resistance as a function of temperature 
during cooling of alloys B to F. 


or extrapolated resistance of the parent § as unity 
at a reference temperature (e.g., —60°C), and ex- 
pressing resistances at other temperatures as frac- 
tions of this reference value. The M, temperature 
is taken at the point where the cooling curve first 
deviates from a straight line. The M, temperature 
is taken at the point where the heating curve diver- 
ges from the cooling curve. Corresponding criteria 
are used for the reverse transformation during heat- 
ing. Since they are fairly sharply defined, M, tem- 
peratures are given to the nearest 0.5°C in Table I. 
The other phenomena, by comparison, are difficult 
to distinguish, and the respective temperatures are 
stated to the nearest 5°C. 

The reversible nature of the transformation’* was 
confirmed, and the hysteresis loops were studied. 
The relative resistance of different samples of a 
given composition is a unique function of temper- 
ature before and after transformation, but not with- 
in the transformation range. Here factors other 
than temperature apparently also enter. Grain size, 
grain orientation, and any a present are the most 
likely variables. 

Because M, and the temperatures for the begin- 
ning and end of the reverse transformation are not 
known precisely, the degree of hysteresis is ex- 
pressed as the temperature difference between de- 


Table |. Composition of Alloys and Transformation Data 


Transformation Temperature, °C 


Mean 
t Pet Cooling Heating Hys- 
Mean °C at 
Alley Cu M, Start End 
B 61.46 36.54 18 110 35 10 
23 20 70 _ — 14.5 
23 70 40 25 
c 60.99 39.01 53.5 130 ? +20 
54.5 9.5 
55.5 100 70 15 
D 60.74 39.26 72.5 130 85 50 
72.5 9.5 
72.5 125 85 30 
E 60.49 39.51 98 155 -—115 —65 
97.5 8.5 
97 140 
F 59.96 40.04 131.5 180 145 ~105 
130.5 185 155 115 


* Zine by difference. Pb and Fe each 0.001 pct in alloys B and 
D, and 0.002 pct in alloys, C, E, and F. 

+ Mos denotes “50 pct transformation” point as explained in the 
text. 
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fined “50 pct transformation” points on cooling and 
heating. These points are the mean of maximum 
and minimum resistance during transformation. 
Such a point, labelled M,,, is indicated for cooling in 
Fig. 1. The hysteresis (Table I) decreases fairly 
consistently with increasing zinc content. 

When M, temperature is plotted against alloy 
composition, all points fall on a straight line with a 
minor deviation for alloy E. The slope of this line is 
—7.4°C per 0.1 pct Zn. This marked decrease of M, 
with increasing zinc is consistent with a statement 
of Isaitschew, Kaminsky, and Kurdyumov.* Also a 
graph of M, vs zinc content given by Kurdyumov‘ 
shows a slightly curved line sloping from 0°C at 
38 pct Zn to —200°C at 42 pct Zn with an average 
slope of —5°C per 0.1 pct Zn. The absolute values 
of M, found in the present investigation are com- 
parable with those read from Kurdyumov’s diagram 
at about 38.5 pct Zn, but at higher zinc contents 
the present values are lower than those given by 
Kurdyumov. Data for Cu-Al alloys’ and for some 
binary alloy systems of titanium* give slopes of M, 
comparable with those reported here. 

The cooling curves for alloys B to F shown in 
Fig. 2 are averages for two or three specimens of 
each composition. Since relative resistances are 
plotted, the resistance-temperature relation of the 
untransformed £, regardless of composition, is de- 
scribed by a single straight line U-X,. The curves 
Xu-Yn, Xe-Yo, ete., represent the progress of the 
transformation; Y,-Z», etc., refer to the com- 
pletely transformed alloys. Points X,, X¢, etc., corre- 
spond to the M, temperatures of the five compositions. 
The curves exhibit fairly consistent trends. The 
temperature coefficient of resistance of martensite 
differs little from that of the parent 8, as demon- 
strated by the almost equal slopes of UX and YZ. 
That the portions YZ of the curves do not coincide 
presumably reflects an effect of composition on the 
difference between the resistivity of parent 8 and 
derived martensite. This difference decreases stead- 
ily as zine content rises. The differences in slope and 
in general shape of the portions XY of the curves 
express geometrically two facts: the temperature 
difference between M, and M, depends on compo- 
sition, and second, the transformation is affected to 
some extent by factors other than temperature and 
composition. 
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On the Torsional Deformation and Recovery 


Of Single Crystals 


by S. S. Hsu and B. D. Cullity 


The stress distribution at the surface of a twisted cylinder is an- 


alyzed along the boundary of a slip plane of arbitrary orientation 
and this analysis is applied to the torsion of cylindrical crystals of 
magnesium. A criterion for slip is developed and the critical re- 
solved shear stress of magnesium in torsion is found to be 0.038 kg 
per sq mm. The mechanism of torsional deformation in magnesium 
and aluminum is described, as well as the relaxation of a twisted 


HERE has been considerable fundamental study 

of the mechanism of slip occurring during de- 
formation in tension and compression but compara- 
tively little attention has been paid to the mechan- 
ism of torsional deformation. This paper is concerned 
with the way in which a single crystal deforms in 
static torsion and with the phenomenon of untwist- 
ing which a twisted crystal undergoes during an- 
nealing. Particular attention is paid to the applica- 
tion of the critical resolved shear stress law to 
torsional deformation. 

Probably the most likely mode of torsional de- 
formation that can be imagined consists of rotation 
of one part of the crystal relative to another on the 
active slip plane. Here the most interesting feature 
is the slip direction. If a cylindrical single crystal is 
twisted about its axis and if, to consider the simplest 


S. S. HSU, formerly graduate student, Dept. of Metallurgy, Uni- 
versity of Notre Dame, is now with the Division of Chemical Engi- 
neering, University of Illinois, Urbana, Ill., and B. D. CULLITY, 
Member AIME, is Associate Professor of Metallurgy, University of 
Notre Dame, Notre Dame, Ind. 

Discussion on this paper, TP 3719E, may be sent, 2 copies, to 
AIME by April 1, 1954. Manuscript, Sept. 14, 1953. New York 
Meeting, February 1954. 

This paper is based on a dissertation by S. S. Hsu submitted in 
partial fulfillment of the requirements for the degree of Doctor of 
Philosophy to the Engineering Div. of the Graduate School of the 
University of Notre Dame. 


TRANSACTIONS AIME 


crystal at elevated temperatures. 


case, the active slip plane is normal to the specimen 
axis, then the direction of gross slip at any point 
must always be at right angles to the radius drawn 
to that point. It follows that the crystallographic 
direction of slip must be continually changing, in 
sharp contrast to slip in tension which occurs in a 
crystallographically constant direction. 

Extensive investigations of slip in torsion have 
been made by Gough and his associates.‘ They made 
torsional fatigue tests on metal single crystals be- 
longing to a number of different crystal systems and 
observed, with a microscope, the appearance of slip 
lines on the surface and of strain markings on the 
transverse cross section of cylindrical specimens. 
They concluded that the critical resolved shear 
stress law was just as valid in torsion as in tension, 
in the sense that slip occurred on that plane and in 
that direction in which the resolved shear stress was 
a maximum. They also established that the oper- 
ative slip planes and directions were the same as in 
tension. They did not, however, measure the critical 
resolved shear stress in torsion nor, in fact, did they 
establish that a critical value of the resolved shear 
stress was necessary for the initiation of slip. Their 
investigations were, moreover, restricted to tor- 
sional fatigue tests which necessarily involve small 
strain amplitudes. 

Wilman,”’ studying crystal growth and the abraded 
surfaces of crystals, observed crystal fragments 
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Fig. 1—Torsion machine with specimen in place and strain 
gages mounted on specimen. 


rotated relative to one another and was apparently 
the first to suggest the notion of “rotational slip.” 
The connection between rotational slip and slip in 
torsion will be discussed later in this paper. 

Mechanical methods of measuring torsional strain 
were supplemented in the present work by the 
X-ray diffraction method devised by Cullity and 
Julien® for measuring the torsion of a crystal lattice. 
Since this method requires specimens highly trans- 
parent to X-rays, magnesium and aluminum were 
the chief crystals investigated. Magnesium was 
chosen for most of the deformation studies since the 
fact that it normally has only one slip plane simpli- 
fied the interpretation of the results; aluminum was 
used for the recovery (untwisting) experiments in 
order to avoid any oxidation that might occur dur- 
ing the long annealing periods. 


Torsional Deformation 


Procedure: Cylindrical single crystal specimens of 
high purity aluminum and magnesium were used in 
the torsion experiments. They had a reduced center 
section (Fig. 1), % in. in diameter over a 2 in. gage 
length, and large end sections % in. in diameter. 
They were grown from aluminum stated to contain 
0.004 pct total impurities and from magnesium 
stated to contain less than 0.024 pct total impurities. 


Table |. Critical Torque and Rigidity Modulus 


¢. T.. G, 
Specimen Degrees Mm Ke-Mm per 8q Mm 
30 3.09 2. 
Mg-1 32 3.03 2.23 1530 
Me-8 38 3.11 2.90 1650 
Me-6 45 3.10 4.06 1690 
Mg-3 52 3.18 7.03 1760 


306—JOURNAL OF METALS, FEBRUARY 1954 


The single crystal specimens were prepared by 
the Bridgman method in a split graphite mold, and 
were examined both by X-ray diffraction and by 
macroetching. Only fairly perfect crystals were 
chosen for the experimental work, namely, those 
showing no more than 0.5 degree of disorientation 
as measured by spread of Laue spots. Their orienta- 
tions were determined by the back-reflection Laue 
method. 

Specimens were twisted in the torsion machine 
shown in Fig. 1, which also illustrates the appear- 
ance of a specimen after considerable torsion. The 
lower end of the specimen was fixed tightly into the 
base of the machine and the upper end was clamped 
into a rotatable shaft at the upper part of the ma- 
chine. The specimen was twisted by allowing known 
loads to rotate the shaft through the attached pulley. 
Friction between moving parts of the machine was 
minimized by using ball bearings. The load re- 
quired to overcome the remaining frictional forces 
was determined before each experiment by a blank 
test without the specimen. 

This torsion machine was bolted on the table of a 
disassembled transit and could be rotated freely 
about a vertical axis. Two or four stiff metal wires 
with bent sharp tips were cemented normal to the 
surface of each specimen usually one day before 
testing, along an approximately vertical line, to 
serve as strain gages. The amount of torsional strain 
in terms of angle of twist betwen gages was ob- 
tained by observing the initial and final angular 
positions of the transit table when the tips of the 
gages had been brought into the same vertical ref- 
erence plane. This plane, parallel to the specimen 
axis, was defined by the transit telescope which was 
mounted near the torsion machine and was free to 
rotate only about a horizontal axis. With this ar- 
rangement, an angular displacement of % min of 
are on the specimen surface could be accurately 
detected. 

The torsion machine was so designed that the 
specimen could be examined by X-rays before, dur- 
ing, or after the deformation process. A General 
Electric CA-7 X-ray tube was used: its fine line 
source permitted patterns to be made either by the 
ordinary Laue or focusing Laue techniques. 

Critical Resolved Shear Stress: Some magnesium 
crystals were given a careful metallographic polish 
in order that any surface markings produced by 
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Fig. 2—Curve of torque vs angle of twist for magnesium crystal. 
@ = 52°. 
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torsion could be observed. After moderate torsion, 
macroscopically visible slip traces appeared on the 
surface of these specimens and the direction of these 
traces, together with the known orientation of the 
crystal, showed that slip was occurring on the basal 
plane and only on the basal plane, just as in tension. * 


* Pyramidal slip can occur in 5 m at room ‘tem- 
perature under special circumstances,® ‘Sut “he basal plane is the 
usual slip plane. 


Fig. 2 is typical of the “stress-strain” curves ob- 
tained from magnesium crystals. Actually these 
curves were not plotted in these units but in terms 
of torque T vs the angle of twist in the given gage 
length. The specimen has clearly behaved elas- 
tically up to the critical torque T., which is the 
torque required to start plastic deformation on the 
surface of the crystal. Beyond this point the de- 
formation is plastic. If the specimen is unloaded in 
the plastic region and then reloaded immediately, 
the specimen twists elastically almost up to the 
point of the previous highest torque as shown in 
Fig. 2. If the reloading is delayed, however, the 
yield point on reloading becomes lower. The an- 
alogous effect in tension has been observed for a 
number of metals and is due to recovery at room 
temperature. 

As shown in Table I, the critical torque T. was 
found to increase as the angle ¢, between the torsion 
(specimen) axis and the slip plane normal, in- 
creased. Table I also lists the radius r of each speci- 
men and the modulus of rigidity G, as calculated 
from the slope of the torque vs the angle of twist 
curve in the elastic region. These results show that 
G is almost completely insensitive to crystal orien- 
tation. 

In order to explain the variation of T, with 4, it is 
necessary to analyze the stresses acting on the slip 
plane. When ¢ is zero, the problem is simple since 
the slip plane then intersects the surface of the 
cylinder in a circle lying in the XY plane of Fig. 3. 
In this case the shear stress acting on the slip plane 
is a maximum at the surface of the cylinder, acts in 
a direction tangential to the circular boundary of 
the slip plane, and is given at any point on the sur- 
face by 
2T 


where T is the applied torque, and r the specimen 
radius. 

In the general case, when ¢ is not zero, the bound- 
ary of the slip plane is an ellipse as shown in Fig. 3. 
Whatever the orientation of the crystal, the slip 
plane normal N can always be brought into the YZ 
plane by a suitable rotation of the specimen about 
its axis. The semiminor axis of the ellipse OA then 
coincides with the X axis and the semimajor axis 
OB lies in the YZ plane. The location of any point P 
on the ellipse can be described, for a given value of 
¢, by the angle @ between OA and OP’ where P’ is 
the projection of P on the XY plane. In this general 
case, the distribution of shear stress on the slip 
plane is rather complicated. The various stresses 
resulting from the applied torque are evaluated in 
the Appendix, where it is shown that the resultant 
shear stress parallel to the slip plane at a point on 
the specimen surface does not act in a tangential 
direction but at a definite angle to the tangent, ex- 
cept for the special cases of 6 = 0° or 90°. 

At this point a decision must be made as to the 
proper direction in the slip plane in which to resolve 
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Fig. 3—Cylindrical torsion specimen in relation to rec- 
tangular axes X, Y, and Z. 


this resultant stress in order to find the critical re- 
solved shear stress. In a metal having a close- 
packed hexagonal structure like magnesium, there 
are three crystallographically equivalent slip direc- 
tions 60° apart. None of these slip directions need 
be specifically considered, however, since macro- 
scopic slip in torsion occurs in such a way that the 
effect of slip direction is averaged out. Experi- 
mentally, T, measures the onset, not of microscopic 
slip, but of a considerable amount of plastic flow 
and this macroscopic slip must occur predominantly 
in a tangential direction. To accomplish this, slip at 
various points on the surface must proceed, on a 
microscopic scale, in a zig-zag fashion in the three 
crystallographically defined slip directions, and in 
such a way that the gross, macroscopic direction of 
slip is tangential. 

It is therefore assumed that the only effective 
stress acting is r,, the tangential component of the 
resultant shear stress parallel to the slip plane. As 
shown in the Appendix, this stress is given by 


cos (1 — cos*é tan’) 
= Te [2] 
\V/1 + cos’é tan’d 


This relation is plotted in Fig. 4 for @ = 0° to 90° 
and for a number of ¢ values, including those par- 
ticular values of 4 possessed by the crystals which 
were tested. When 4 0°, the tangential shear 
stress r, is independent of @ but, as 4 increases, r, be- 
comes larger at the end of the major axis (@ = 90°) 
than at the end of the minor axis (6 0°). At 
@ = 45°, the shear stress at the end of the minor 
axis becomes zero and then reverses its direction for 
larger values of ¢. 
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For crystals with ¢ between 0° and 45°, +, is 
everywhere positive and always a maximum at the 
end of the major axis and a minimum at the end of 
the minor axis. Slip must therefore begin at the ends 
of the major axis but it will not be macroscopically 
detectable in a stress-strain test until it has ex- 
tended all around the elliptical perimeter of the slip 
plane. Two extreme criteria might be assumed for . 
the occurrence of this macroscopic slip: 1—It occurs 
when r, at the ends of the major axis becomes equal 
to r., the critical resolved shear stress. This assump- 
tion implies that slip at the ends of the major axis 
so alters the stress distribution in the unslipped 
region that the stress at various points in the latter 
is successively raised above +r. so that slip can ex- 
tend over the whole perimeter. 2—It occurs when 
r, at the ends of the minor axis becomes equal to 
r.. This implies that slip at all other points on the 
perimeter, at which r, exceeds r., has no effect on 
the value of r, at the ends of the minor axis. Neither 
of these extreme criteria seem very reasonable and 
neither leads to a constant value of +r. for various 
values of 4. An intermediate criterion was therefore 
assumed, namely, that macroscopic slip occurs when 
r, at all points on a fixed fraction of the slip plane 
perimeter has been raised above r,., the value of this 


“* 15 x» % 60 75 30 fraction and of r, to be determined from the experi- 
6, (degrees) mental data. 

Fig. 5 shows the curves of Fig. 4 replotted in a 

Fig. 4—Variation of resolved tangential shear stress t,, in somewhat different form. The ordinate is now r,, 

units of t,, with @ and ¢. obtained from Eqs. 1 and 2, and the abscissa is the 


fraction f of one quadrant of the elliptical perimeter 
given by AP/AB in Fig. 3. Within experimental 
error the curves all intersect at r, = 0.038 kg per sq 
mm and f = 0.68. These particular values are r., the 
critical resolved shear stress, and f,, the fixed frac- 
Q08 F tion of the elliptical perimeter already referred to. 
The quantity (1 — f.) is the fraction of the elliptical 
perimeter in one quadrant on which +r, is greater 
than the critical value r,. The value of this quantity 
is about one-third, from which it may be concluded 
that microscopic slip extending around one-third of 
the slip plane perimeter provides sufficient slip 
O06 Fr ° stimulation, in the form of a change in the stress 
Ke) distribution in the unslipped region, to cause mac- 
” rosecopic slip around the whole perimeter. This is 
; true even for the two specimens having ¢ equal to 
45° and 52°. 
N ° For given values of ¢ and @, the exact values of f 
used in plotting Fig. 5 were obtained by elliptic in- 
tegration. When this was done, it was found that f 
was almost equal to 6/90°, for a given value of 4, 
even when ¢ was as large as 60°. 

When ¢ exceeds 45°, some parts of the slip plane 
perimeter are subjected to negative shear stress. 
When a considerable portion of the perimeter is in 
this condition and, in particular, when the maxi- 
mum negative stress is greater numerically than the 
maximum positive stress (¢ > 60°), then it seems 
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Nd Q ole likely that a condition of elastic instability will re- , 
000i + A § sult and that the specimen will deform in some 
6 ok other manner, such as by bending or twinning, 
= a fu rather than by torsion. Support for this view is » 
& & given by a specimen with ¢ = 64°, whose deforma- 
> ie) o/s tion is discussed in the next section. 
é The critical resolved shear stress for magnesium 


0 G! O02 O3 04 05 06 Q7 O8 A9 10 in torsion (0.038 kg per sq mm) is roughly half of 
: that for magnesium in tension, as determined by 
Arc Fraction = AP/AB, (f) Bakarian and Mathewson‘ who found 0.0778 kg per 


Fig. 5—Variation of resolved tangential shear stress t, with sq mm for material containing less than 0.02 pct im- 
are fraction f. purities and by Burke and Hibbard’ who found 
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Fig. 6—Stereographic projection of magnesium crystal at various stages during torsion. 


0.046 kg per sq mm for material containing less 
than 0.05 pct impurities. To establish that this 
difference between torsion and tension was genuine 
and not due to differences in chemical composition, 
the critical resolved shear stress in tension was re- 
determined in this laboratory on magnesium crys- 
tals prepared in the same way and from the same 
material as the torsion specimens. The average of 
four determinations was 0.066 kg per sq mm. 

Flow Mechanism: Transmission Laue patterns 
were made at intervals during the torsional de- 
formation of magnesium crystals in order to follow 
changes in lattice orientation. Each pattern was 
recorded with the lower end of the crystal rotated 
back to its initial position before deformation; any 
change in lattice orientation shown in these patterns 
was therefore due to deformation alone. The way in 
which the poles of various crystal planes move dur- 
ing torsion is illustrated stereographicallv in Fig. 6. 

This projection shows that poles move on small 
circles of a stereographic net whose north-south 
axis coincides with the specimen axis, i.e., plane 
normals rotate, not about the slip plane normal, but 
about the axis of torsion. The angular distance 
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which each pole moved on the projection was found 
to be in very good agreement with the measured 
angle of twist of the specimen at the point of in- 
cidence of the X-ray beam. 

The mechanism of torsional deformation in mag- 
nesium can be visualized as follows. As soon as the 
critical resolved shear stress is exceeded, slip begins 
at the crystal surface on the basal planes. The in- 
terior of the crystal is still only elastically strained, 
however, and acts as a comparatively rigid core. 
This core is surrounded by rings of material which 
have slipped on their basal planes. As torsion pro- 
ceeds, these rings rotate with respect to one another 
but they cannot do so freely, since they are held to 
the rigid core and must, moreover, rotate so that 
their basal planes (and all other planes, for that 
matter) make a constant angle with the torsion axis. 
The result is a tendency for the crystal to separate 
or break apart on its basal planes. 

This behavior is illustrated by the model shown in 
Fig. 7. It is composed of a set of elliptical rings 
surrounding a rigid core so as to form a cylindrical 
rod. These rings are initially in contact on inclined 
planes representing the basal slip planes of a crys- 
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Fig. 7—Model illustrating torsional defor- 
mation. 


tal. When a torque is applied to the surface of the 
upper end of the rod, these rings rotate relative to 
one another as shown by the relative positions of 
the white dots before and after twisting. Since these 
layers are constrained to rotate about the central 
rod, they cannot remain in complete contact on their 
basal planes, as shown in Fig. 7b. 

The greater the angle 4, the more difficult will 
this kind of rotation become and the greater will be 
the tendency to separation of a crystal on its basal 
planes. This tendency manifests itself in one side of 
the crystal being in tension and the opposite side in 
compression and a real crystal, as opposed to a 
mechanical model, adapts itself to these stresses by 


Fig. 8—Magnesium crystal after 
torsion. 
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bending rather than by separation on its basal 
planes. Fig. 8 shows an example of a magnesium 
crystal bent as a result of torsion: ¢ had a value of 
64° for the specimen shown, which was twisted by 
50° per in. Slip alone seemed to operate, even in 
severely twisted crystals with large values of ¢; 
twinning was not observed macroscopically. 

Is the slip which occurs in torsion the equivalent 
of Wilman’s rotational slip? The answer to this must 
be no if rotational slip is defined as relative rotation 
about the slip plane normal, since such rotation oc- 
curs in torsion only when ¢ =90, i.e., when the tor- 
sion axis coincides with the slip plane normal. Rota- 
tional slip is thus only a special case of torsional slip. 

The torsion of magnesium crystals is not uniform 
along their axes. Measurements of torsional strain 
made in the center of the gage length by an X-ray 
method® yielded considerably higher strains than 
mechanical measurements based on gages at each 
end of the gage length (the two extreme gages in 


b—After torsion. 


Fig. 9—Focused Laue reflections from an aluminum crystal. 
Soller slit in primary beam. X1.5. Area reduced approxi- 
mately 40 pct for reproduction. 


Fig. 1). When two other gages were mounted 
closer to the center of the specimen, the X-ray and 
mechanical measurements of strain agreed very 
well, showing that there was a real gradient of 
strain in the specimen. The smaller strain at the 
ends of the gage length are doubtless due to the 
restraint of the adjoining thick sections. 

Some experiments were made with aluminum 
crystals to see how a cubic metal would behave in 
torsion. These experiments are very incomplete: 
the slip plane was not identified, nor was the criti- 
cal resolved shear stress measured. However, it was 
established that lattice plane normals rotate about 
the torsion axis just as they do in magnesium. Some 
X-ray evidence was also obtained for lattice bend- 
ing, probably elastic, in the interior of the crystal. 
However, no appreciable bending of the specimen 
itself was observed and, compared to magnesium, 
the torsional strain in aluminum crystals was found 
to be much more uniform along the specimen axis, 
presumably because aluminum has more available 
slip systems. 
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Julien and Cullity’ compared the elastic torsion 
of quartz with the plastic torsion of aluminum and 
concluded that the latter was extremely nonuniform 
on a fine scale. However, the plastic torsion of alum- 
inum may be surprisingly uniform if the crystal has, 
initially, a high degree of perfection. Fig. 9a is a 
focused Laue reflection, obtained by the method of 
Guinier and Tennevin,’ of a plate-shaped aluminum 
crystal grown by the strain-anneal method: the fine 
focused line to the right of the primary beam spot 
indicates a rather high degree of perfection. Fig. 9b 
shows the same reflection after torsion of 0.19° per 
mm. The striations in this reflection are the result 
of torsion of the crystal and the inclination of the 
striations is a measure of the degree of torsion," 
while the fact that the striations are so very straight 
and evenly spaced indicates that the torsion of this 
crystal is extremely uniform. 


Recovery of Torsional Deformation 


The term “recovery” is here used to mean the 
process by which a plastically twisted crystal parti- 
ally relaxes or recovers from its twisted position on 
annealing. Cylindrical crystals of aluminum, about 
ly in. in diameter and grown by the strain-anneal 
method, were annealed in a salt bath furnace after 
torsional deformation and the untwisting of the lat- 
tice was measured by an X-ray method. The speci- 
men was annealed for a given time, removed for 
X-ray examination, and then returned to the fur- 
nace for further annealing. Guinier and Tennevin" 
have shown that such intermittent annealing pro- 
duces the same effects as continuous annealing. 

Fig. 10a is a typical focused Laue reflection from 
a twisted and annealed aluminum crystal. A Soller 
slit was used in the incident beam and striations in- 
dicating torsion are visible at one end of the reflec- 
tion. (They slope in the opposite direction to those 
in Fig. 9b because of a difference in the direction of 
twist.) The tangent of the angle 7 between these 
striations and the vertical is proportional to the 
degree of torsion, measured in degree per mm." 
However, the specimen is highly polygonized in ad- 
dition to being twisted, as evidenced by the fine 
vertical lines crossing the reflection, and these lines 
due to polygonization so obscure the inclined stria- 
tions that a measurement of 7 is made impossible. 
On the other hand, the angle a between the vertical 
and the diagonal of the whole image, Fig. 10b, is 
readily measurable and it may be shown than tan a 
is directly proportional to tan y. A measurement of 
a thus leads to a value for the degree of torsion in 
arbitrary units. 

Table II shows the results of annealing an alum- 
inum crystal at 600°C for a total period of 404 hr. 
In this table, t’ is the actual annealing time. Poly- 


Table I. Untwisting of Aluminum at 600°C 


Annealing Time, Hr 
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a—Actual reflection 
aluminum 


b—Schematic draw- 
ing of reflection to 
show angles a and 7. 


Fig. 10—Focused Laue reflections from twisted crystals. 


gonization was observed after the first 1.5 hr of 
annealing. In order to formulate the relation be- 
tween torsional strain and time at constant temper- 
ature, the following assumptions were made: 1— 
After 1.5 hr of annealing at 600°C, the specimen 
should be completely polygonized. Any residual 
stress still remaining in the specimen due to pre- 
vious torsion in the crystal becomes the driving 
force for untwisting. The period of 1.5 hr is there- 
fore regarded as a preannealing period as far as 
torsional recovery is concerned and the values of t 
in Table II measure the time of annealing after the 
first 1.5 hr. 2—The untwisting is viscous, i.e., it 
proceeds at a rate proportional to the stress. 3—In 
the absence of an applied torque and after poly- 
gonization is complete, the stress at any time is 
proportional to the strain. 
Making these assumptions and putting tan a = 
« = effective torsional strain in arbitrary units, we 
can write 
3 
dt iT [3] 
where + is the stress and K, and K, are constants. 
Integration of Eq. 3 gives 


= [4] 


100 200 


(t), 


Fig. 11—Relaxation of effective torsional strain wit! time at 
600°C for aluminum. 
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The constant K, was evaluated by least squares 
from the data in Table II as 9.16x10~* hr’. Eq. 4 
therefore becomes 


«= 138e°""", [5] 


This equation, plotted in Fig. 11, fits the experi- 
mental data fairly well. 

In another experiment an aluminum crystal in the 
form of a rectangular plate was twisted about its 
longitudinal axis and annealed for various periods 
of time at 650°C, which is only some 10°C below 
the melting point. Polygonization occurred rapidly 
and the torsional strain gradually relaxed and, at 
the end of about 50 hr, almost disappeared. Then, 
after 72 hr, the Laue spot was observed to contain a 
set of striations of opposite slope to the initial ones, 
indicating that a part of the crystal had not only 
untwisted completely but had started to twist in the 
opposite direction to the original twist. Leschen’ de- 
scribes this plastic after effect as follows: “In the 
torsion of a rod, for instance, the outer layers are 
under greater stress than the interior portions and 
deform plastically while the interior is still only 
elastically stressed. If the external load is removed, 
the rod partially untwists, but there remains an in- 
ternal distribution of balanced elastic stresses: the 
inner layers have not been entirely relieved of stress 
while the outer portions have been somewhat 
twisted in the opposite, or negative, direction.” 


Conclusions 


1—The critical resolved shear stress of mag- 
nesium in torsion is 0.038 kg per sq mm at room 
temperature. 

2—-The torsional deformation of both magnesium 
(hexagonal) and aluminum (cubic) is accompanied 
by rotation of lattice planes about the axis of tor- 
sion. As a result, magnesium crystals of particular 
orientations become considerably bent after torsion. 

3—-Twisted aluminum crystals untwist at ele- 
vated temperatures at a rate which suggests viscous 
flow. At temperatures near their melting point, 
twisted aluminum crystals can become twisted, at 
least in part, in the opposite direction to the original 
twist. 
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Appendix 

The torsion of a circular cylinder of radius r about 
its axis is considered here with reference to Fig. 3. 
As Wright” has shown, the material of the cylinder 
may be isotropic or anisotropic, with any crystal 
symmetry whatever, without affecting the final re- 
sult. In either case the stress distribution is the 
same. 

At any point P on the elliptical boundary of the 
slip plane, let « be the normal stress (parallel to 
plane normal N), r be the shear stress (parallel to 
slip plane), and s be the resultant stress. These 
stresses are evaluated below in a RVZ coordinate 
system, where R is parallel to OP’, V is tangential to 
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the circular cross section at P’, and Z is the axis of 
the cylinder (Fig. 3). 


= + oyym® + + Areylm + 
2ry,zmn + 


where l, m, and n are the cosines of the angles 
which N makes with R, V, and Z, respectively. | = 


—sin @ sin ¢; m = —cos @ sin ¢; and n = cos ¢. 
Cre = tae = tee ™ Can = Tas = 0 
d 2T 
an Tay = Tre = =f, 
ar 


where T is the applied torque. 

Therefore, a = —r, cos @ sin 2¢ 
o, = ol = r, sin2é@ sin*¢ cos 
oy = om = 2r, cos’é sin’d cos 
o, = on = —2r, cos sin ¢ cos’ 


The components of the resultant stress are: 


Se + + = 0 
Sy = —(tavl + ovym + tzyn) = COS 
Sp = —(trel + trem + = r, cos é@sin 


The components of the shear stress are: 
Te = Sp — Op = —7, Sin 26 sin’d cos 
Ty = Sy oy = —r, CoS (1 + 2cos@sin’d) [6] 
tT, = 8: — o, = COS sin (1 + 2 cos’d). [7] 
Let r, be the component of the shear stress in the 


slip plane and tangential to its boundary at P, and 
6 be the angle between r, and the V axis. Then 


tT, = Sin — ry cos 8 [8] 
1 


where & = cos” [9] 
V1 + cos’é tan’¢ 


Eqs. 6 to 9 combine to give 

(cos’é tan*4 — 1) cos ¢@ 
V tan’é + 1) 

This expression gives the tangential shear stress 

component acting on the material below the slip 

plane. Eq. 2 refers to r, above the slip plane and is 


obtained by changing the sign of the above expres- 
sion. 


[10] 


=f. 
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